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Solubility of Boron in Fe,C and Variation Of 


Saturation Magnetization, Curie Temperature, And 


Lattice Parameter of Fe,(C,B) With Composition 


Using quantitative metallography, X-ray lattice parameter, and Curie temperature measure- 
ments, it was found that at 1000°C 80 pct of the carbon in Fe,C could be replaced by boron. Based 
on magnetic data, it is proposed that an electron transfer occurs between the interstitial atoms 
and the 3d shell of iron. A study of solubility data of interstitial compounds of iron indicates that 
the solid solubility is not only dependent upon a similarity of atomic size of the interstitial elements, 
but is determined to a large extent by the influence of the solute atoms on the electron density of 


the 3d shell of iron. 


by M. E. Nicholson 


I has been suggested by a number of investigators, 

including Hume-Rothery and Raynor,’ that cer- 
tuin intermediate phases in metal systems take on 
interstitial crystal structures because of an appro- 
priate ratio of radii of the two atoms. If the size 
factor is an important parameter in determining 
whether or not an intermediate phase will have an 
interstitial structure, then it would appear reason- 
of interstitial atoms should 
solubilities in inter- 


able that the relative size: 
have a direct relation to thei 
titial compounds. It was on such a basis that Petch, 
discussion of the cementite 


in hi tructure, con- 


cluded that nitrogen is the only possible element 
which could replace carbon 

Recent X-ray studies by Jack 
olid solubility of nitrogen in cementite 1 
If this is the case, then on the basis of 
would not be expected that any 
carbon in Fe,C, since according to Schwarzkopf and 
Kieffer’ the covalent atomic radii of nitrogen, cat 
bon, and boron are 0.71, 0.76, and O.87A, respec 
Neverthele Vogel and Tammann’ in 1922 
indicated that a quasi-binary relation exists between 
the interstitial compounds Fe,C and Fe,B and that 
the solid solubility of boron in Fe,C at approxi- 
mately 1150°C is 1.4 pet B by weight 

Jecause of the apparent disagreement between 


indicate that the 
negligible 
ize factor it 
element can replace 


tively 


theory and experiment, the solid solubility of boron 
in Fe.C has been reinvestigated. In addition, the 
influence of boron on the saturation magnetic mo- 
ment (per gram) and Curie temperature of cement- 


ite was determined 


Experimental Procedure 
A erie ot Fe-B-C alloy 
content from 0 to 5.4 wt pet B were prepared by 


which varied in boron 


are melting a 50-g ingot using carbonyl iron, Ache- 
on AUC graphite, and Cooper grade A boron fo 
tarting materials. The composition of these alloy 


listed in Table I and shown graphically in Fig, 1 


M. E. NICHOLSON, Member AIME, formerly associated with In 
stitute for the Study of Metals, University of Chicago, is now 
associated with Dept. of Metallurgy, University of Minnesota, 
Minneapolis 

TP 4274E. Manuscript, Sept. 6, 1955. Cleveland Meeting, Octo 
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The samples represented by the solid circles were 
used for X-ray analysis and Curie temperature 
measurements; by the squares, samples used for 
quantitative metallography; and by the triangles, 
amples used for saturation magnetic moment meas- 
urements and Curie temperature measurements 


COMPOSITION 
LINE FOR Fe (CB) 


WEIGHT PER CENT CARBON 


Fig. |—Composition of Fe-B-C alloys and their relation to 
the iron-rich Fe.(C,B) phase boundary at 1000°C 


After are melting and subsequent quenching 
from 1000°C, so that all phases in the resulting 
microstructure were brittle, one half of the 50-g 
ingots were pulverized until a powder was obtained 
which was less than 100 mesh. These powders were 
then homogenized in evacuated Vycor capsules at 
1000°C for 24 hr and water quenched. Although the 
homogenized powder had sintered somewhat, it was 
aturation magnetic moment and Curt 
temperature which the 60 to 
100-mesh fraction of the powder was used. For 
X-ray analysis the homogenized powder was crushed 
again until a 300-mesh powder was obtained. After 
the powder was mixed with Alundum of 
ame grit size to prevent sinter- 


uitable for 
determination for 


crushing, 


approximately the 
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Fig 2. Saturation magnetic moment per gram as a function 
of temperature for alloy 9 


1000°C in evacuated 
which treatment produced 


and reheated to Vycor 
les for 1 hi harp 

linn The capsules were quenched in water 
cementite. The 
from 


to prevent decomposition of the 
were eusy to magnetically 
the Alundurm 

The remaining half of the ingot wa 
Metallographu 
ined both in the a 
mine the nature of the solidification reactions, and 
after 1000 °C, in order to 
determine the equilibrium phase relationships. The 
of the phases present in two of the 
homogenized alloys were deter 
From these 
the phase boundary of the iron boro-cement 


eparate 


used for 
metullography ections were exam- 


cast condition, in order to deter- 
homogenizing | wk at 


relative amount 
pecimens of the 
using 
result 
ite, Fe (CB), wa 

X-ray powder 
Yom Bradley-type camera using filtered chromium 
radiation (Ke 2.26962A). Unit cell dimensions 
vere calculated using the extrapolation method of 


quantitative metallography 


determined 


photographs were made using a 


Nelson and Riley 

The saturation magnetic moment (per gram) of 
alloys 9 to 12 was measured at the Westinghouse 
Research Laboratori using the method described 
by Wiener and Berger. This consisted of measuring 
the attractive force between the 
trength peradient field). Measurements were made 
in fields of 9.500, 10,900, 11.900, and 12,800 oersteds 
ut room temperature for all four alloy and from 


ample and a high 


liquid nitrogen to above the 
9 and 12. The satura 
ton magnetic moment data are shown in Figs. 2 and 
Sand tabulated in Table I 

The Curie temperature of the iron boro-cement- 
determined by using an ac inductance 
It was convenient 


the temperature of 


temperature for alloy 


ite Wi 
bridge at a frequency of 1000 eps 


to use a cathode ray oscilloscope in conjunction with 
the bridge. The oscil 
connected to the gen- 


au null detector to balance 
loscope horizontal input wa 
of the bridge and the vertical input 
vus connected to the detector terminals of the bridge 
Measurement same sample with in- 
and decreasing temperatures showed essen- 


erator tern inal 


made on the 
tially the sume relation between the inductance and 
This indicated that the sample was 
entially the 

thermocouple and that the 


temperature 
ame temperature as the 
specimen was not de- 


alway ut 


composing at the temperature of measurement 
The Cur 
intersection of the line 


lemperature was determined by the 
tangent to the inductance 
curve at the maximum slope and one tangent to the 
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200 . 400 600 800 
TEMPERATURE °K 
Fig. 3—Saturation magnetic moment per gram as a function 
of temperature for alloy 12 


curve at the point of minimum inductance just above 
the Curie temperature. The change of inductance 
occurred over a comparatively narrow temperature 
range making it possible to determine the Curie 
temperature to within approximately +2°C 


Composition of Iron Boro-Cementites 

In order to determine the influence of boron on 
the lattice parameter, saturation magnetic moment, 
and Curie temperature of cementite, it was first 
necessary to establish the compositions of the boro- 
cementites under consideration. Metallographic ex- 
amination revealed that the alloys under considera- 
tion were not single phase, therefore chemical 
analysis alone was not sufficient. To determine the 


Table |. Composition of Alloys and Cementite 


Alleys Cementite 
we we we we 


Pet Pete Pa Pet of Alloy 


667 ray and Curie temper: 
4.15 ray and Curie temper: 
$05 ray and Curie temperature 
1.70 ray and Curie temperature 
090 ray and Curie temperature 
3.05 ray and Curie temperature 
405 Quantitative metallography -+ 
0 85 Quantitative metallography 
° ray and Curie temperature 
#0 Saturation magnetization and 
Curie temperature 
4305 Saturation magnetization and 
Cure temperature 
220 Saturation magnetization and 
Curve temperature 
1.42 Saturation magnetization and 
Curve temperature 
X-ray and Curie temperature 


* Three-phase alloy 


composition of the boro-cementites it was necessary 
to establish the iron-rich boro-cementite, Fe,(C,B), 
phase boundary and the tie lines for the two-phase 
austenite, y, plus Fe,(C,B) field. The phase bound- 
ary was located at two points: the first, near the 
limit of boron solid solubility, and the second, at a 
point midway along the boundary. The phase bound- 
ary was located by means of quantitative metal- 
lography. Results are shown in Table III 

Sample No. 7 was used to determine the Fe,(C,B), 
phase boundary near the limit of boron solid solu- 
bility. The metallographic sample showed that in 
addition to y and Fe,(C,B), there was a small amount 
(4.28 pet) of residual Fe,B. However, the X-ray 
and Curie temperature Studies of the same ingot 
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(specimen 4) showed it was clearly in the two- 
phase y Fe,(C,B) field. In all probability the 
metallographic sample had not reached equilibrium 
because the alloy had solidified by a peritectic re- 
action. On the other hand, the powder specimens, 
used for X-ray and Curie temperature measure- 
ments, had attained equilibrium, because the peri- 
tectic walls, which are barriers to diffusion, had 
been broken down by crushing. Based on this rea- 
soning, the metallographic analysis was made on the 
assumption that at equilibrium it would be a two- 
phase alloy 

Two equilibrium compositions were determined 
for Fe,(C,B), one based on the assumption that at 
equilibrium the Fe,B would transform completely 
to y and the other on the assumption that it would 
transform completely to Fe,(C,B). The two compo- 
sitions are shown as point 7’ and 7” in Fig. 1. Be- 
cause the Fe.B probably decomposes into both Fe 
and Fe,C, the phase boundary was drawn arbitrarily 
between these points 


Table Il. Saturation Magnetic Moment per Gram 


Magnetic 
Magnetic Moment 
Moment per G, Magnetic 
perG Koom Tem- Magnetic Moment, 
Room Tem Pet Fe in perature, Moment, ook, 
Alley perature Specimen Corrected wK Corrected 


165.6 182 176.7 
166.5 

171.5 § 

178.0 188 185.3 


The midway point was determined using the rela- 
tive amounts of y and Fe,(C,B) present in specimen 
6, shown in Fig. 1, and a tie line drawn through the 
point representing the composition of the alloy. The 
composition of the Fe,(C,B) calculated in this way 
is 2.48 pet B and 4.05 pet C. This composition ts 
represented in Fig. 1 at the point marked 6. The 
uncertainty in this value is shown in Fig. 1 by the 
short lines on either side of the circle marked 6 
Thus it appears that the iron-rich phase boundary 
of the Fe,(C,B) is a straight line at the composition 
of Fe.C,B 

The tie lines in the y + Fe,(C,B) two-phase region 
were constructed on the basis that the activities of 
the boron and carbon vary uniformly with composi- 
tion.” It may be seen from Curie temperature data 

* The estimate of the carbon content in the 5 in equilibrium with 
FeoB and Fe C, B) was based on a study of Fe-C alloys containing 
0.16, 0.30, 0.44, and 0.55 pet C which were boronized at 900°C pro 
ducing a case of FeeB on the surface of the sample. After homogen 
izing these alloys at 1000°C it was found that in all but the 0.16 pet 
sample a phase, which presumably was Fes(C, BB), had formed at 
the >5-FeB interface. Therefore, it was concluded that the carbon 
content of in equilibrium with FeeB and Fe B) lies between 
0.16 and 0.30 pet C 
that this is a valid assumption, at least for the tie 
line passing through the composition of specimens 
2 and 5. These specimens were both found to have 
a Curie temperature of 535°C. As will be shown in 
the subsequent section, the Curie temperatures of 
the boro-cementites is a linear function of the boron 
composition. It is therefore evident that in these 
two alloys the Fe,(C,B) has the same chemical 


composition and therefore the alloys le on the same 
tie line 

Once the iron-rich Fe,(C,B) phase boundary wa 
located and the tie lines drawn, it was possible to 
determine the composition of the cementite in the 
two-phase alloys used for X-ray and Curie tem- 
The composition of these 


perature measurements 
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alloys and some of the tie lines passing through 
these compositions are shown in Fig. 1. The com- 
position of the cementites, determined by the inter- 
section of the tie lines and the phase boundary, are 
listed in Table I. Using this line as the phase bound- 
ary, and the X-ray and Curie temperature, the limit 
of boron solid solubility of cementite is 5.30 pet 
Recently Darken et al.” have studied the phase 
equilibria of the Fe-C-B system, principally using 
X-ray techniques. They found the single phase 
Fe,(C,B) region an extremely narrow one which 
lies along the stoichiometric line Fe,(C,B,,) and 


has a maximum solubility of 5.25 pet 


Influence of Boron on the Cell Dimensions 
of Cementite 

Results of the X-ray lattice parameter measure- 
ments of the iron boro-cementites are tabulated in 
Table IV and shown graphically in Fig. 4. These 
reveal that the b parameter of the orthorhombic cell 
of cementite” increases approximately 6 pet as 80 pet 
of the carbon in Fe,C is replaced by boron. The ¢ 
and a parameters, on the other hand, decrease. As 
a result of the large expansion of the b parameter, 
the volume of the unit cell increases as boron ts 
substituted for carbon. Darken et al.” in their study 
of the equilibrium relations of the Fe-B-C system 
at 1000°C determined the lattice parameters of a 
series of boro-cementites as a function of boron 
content. Their results agree with the author's to 
within 0.005A 

The expansion of the lattice cell would indicate 
that boron is entering the cell in an interstitial posi- 
tion and not as a substitutional element for iron, An 
inspection of the intensity of the various diffraction 
lines reveals no difference in relative intensities of 
the diffraction lines between the boron-free Fe,C 
and the boron-saturated Fe,(C,B). It is therefore 
concluded that boron enters the identical position 
of the carbon atom instead of occupying some other 
interstitial site 


Table Il. Results of Quantitative Metallography 


91 84 
60 
46.55 
87 05 
86 00 
46 26 
49 
46.25 


Specimen 


Specimen 


Average 


44 82 
74.26 
84 BO 
44 
Specimen 52 42.27 
#1 64 
#2 41 
40 44 
4614 


Specimen 7 


Average 13 : 62186 


The change in lattice parameter of Fe,C in steel 
has been studied previously by Petch, who deter 
mined the lattice parameter of Fe,C in a 1.8 pet C 
steel sample after quenching from different heat 
treating temperatures between 400° and 900°C 
After heat treating below the eutectoid tempera- 
ture, the lattice parameters were found to be the 
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Fig. 4--Lattice parameter of Fe,(C,B) as a function of boron 
content of Fe.(C,B) 


ose for the annealed steel. These value 
triangles at a boron content of 0.55 
the boron content of a boro-cementite 
a unit cell volume equal to that of annealed 


cementite However when 


from at thie 


queen hed 
cutectoid temperature, the lattice 
with 
producing a decrease in the 
volume of the unit cell. An extrapolation of hi 
data to 1000 C pives lattice parameter values which 
with those of the present investigation to 
within OOOSA, Pre in volume 
which he observes is associated with a decrease in 
the carbon content of Fe,C 


varied uniformly increasing 


quenching temperature, 


urmably the decrease 


It is of interest to observe that when boron re- 
in a different manne! 
than when carbon alone is added to a pre 
carbon-deficient Fe,C* This 
the differences between the Fe 
An additional point of interes 
data of Fe,C is the 
the parameter a 


places carbon the cell expand 
umably 
; undoubtedly due to 
Band Fe-C bonding 
t concerning the X-ray 
exceptionally 


large increase in 


boron is substituted for carbon 
Influence of Boron on Saturation Magnetic Moment 
and Curie Temperature of Cementite 


The saturation magnetic moment per gram at 
and room temperature, tabulated in 
Table Il, are plotted in Fig. 5 as a function of the 
boron content of the Fe,(C,B). The data for the 
boron-free Fe,C are those of Guillaud.” The Fe,(C,B) 
influence of free 
ample. The free iron contents 
timated from the 
residual magnetic moment above the Curie tempera- 
ture and from the composition of the alloys. The 
amounts of iron in 10 and 11 were esti- 
from chemical composition. o and @ 

for iron according to Bozorth” are 221.8 and 217.0, 
After correcting for the free iron in 
found that the saturation mag- 


values have been corrected for the 
iron contained in the 


for specumens 9 and 12 were « 
pecimens 
mated only 


respectively 
the samples, it wa 
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netic moment per gram, o, varied linearly with 
boron content of the Fe,(C,B), both at O°K and 
room temperature. The increase of « with composi- 
tion is more pronounced at room temperature be- 
cause of the influence of the Curie temperature. The 
difference between o, and ow« is greater for the 
boron-free cementite than for the 4.5 pet B alloy 
because room temperature is relatively a higher 
temperature with respect to the Curie temperature 
of the boron-free alloy than it is with respect to 
that of the 4.5 pet B alloy. 

The number of Bohr magnetons per atom of iron 
for these alloys was calculated from the saturation 
magnetic moment per gram. For boron-free Fe,C 
the value was 1.79 and for the 4.5 pet B Fe,(C,B) 
it, was 2.00. The increase accompanying the sub- 
titution of boron for 80 pet of the carbon in Fe,C 
was 0.21. 

The change in saturation magnetic moment may 
be interpreted as a change accompanying an elec- 
tron transfer between the interstitial atoms and the 
4d shell of iron. Electron transfer between iron and 
interstitial atoms has been suggested’ previously to 
explain crystal structure relations in carbonitrides 
of iron. However, the effect of an interaction be- 
tween interstitials and the 3d shell on the saturation 
rnagnetic moment has not been considered. Un- 
doubtedly this is due to the complexity of the theo- 
retical problem. Nevertheless, the relation between 
the saturation magnetic moment and boron content 
appears to justify some speculation concerning a 
possible electron transfe! 

As a hypothesis the following is suggested: When 
a boron atom replaces a carbon atom, one less elec- 
tron is available for bonding. Therefore, if the 
bonding configuration of the carbon atom is to be 
maintained, one electron will have to be transferred 
from the 3d shell of iron to a bonding position in 
the structure. The effect of the transfer would be 
to increase the saturation magnetization. In the case 
of 80 pet replacement of carbon by boron, the 
change of the number of 3d electrons would be 0.26 
This agrees in order of magnitude with the observed 
change of 0.21 Bohr magnetons per atom mentioned 
previously 

The Curie temperature of Fe,(C,B) also varies in 
a linear fashion with boron content. The boron- 
free Fe,C after quenching from 1000°C was found 
to have a Curie temperature of 190°C. This is 20 
than the value of several investigators, 
Curie temperature of Fe,C 
teels or powders of iron 


lowe! 
who determined the 
using either well annealed 
or FeO, which were carburized at approximately 
600°C in CO. In erder to determine whether the 
generally accepted value could be reproduced, a 
ample of a 4 pet C-Fe alloy was annealed 24 hr at 
650°C and quenched. The Curie temperature of 
Fe,C in this alloy was 208°C. 

A further check on the agreement of the Curie 
temperature measurements of this investigation with 
others was made by comparing the measurements 
with those determined 
It was found 


using the inductance bridge 
from magnetic moment measurement 
that near the Curie temperature the magnetic mo- 
ment per gram varied strongly with field There- 
fore, the Curie temperature could not be determined 
from the curve of saturation magnetic moment vs 
temperature. Instead, it was found by determining the 
temperature at which the maximum value of de ‘dH 
This value was obtained from the mag- 
data measured at several field 


occurred, 


netic moment 
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strengths as a function of temperature. For alloy 9, 
both methods gave a Curie temperature of 370°C. 
For alloy 12, the former method gave 548°C and the 
latter 551°C. The maximum Curie temperature for 
the boro-cementites was found to be 578°C, which 
was observed in specimens 4, 8, and 13. 

Bozorth” and others have suggested that a rela- 
tion exists between saturation magnetization and 
the Curie temperature of the form 


K 0/Z = BNI,/Z 


where @ equals the Curie temperature; Z, the co- 
ordination number; f§, the Bohr magneton; N, the 
Weiss molecular field constant; and I,, saturation 
magnetization. From the above data it appears that 
the Weiss molecular field constant does not change 
as boron is substituted for carbon in cementite. 
Recently Bridelle and Michel” have studied the 
change in Curie temperature of an e-carbonitride as 
a function of lattice parameter. The e-carbonitrides 
were formed by nitriding the Hiagg carbide, Fe.C, 
The lattice parameter was changed by varying the 
composition of the carbonitride either by further 
nitriding or by vacuum annealing the carbonitride 
Bridelle and Michel did not analyze chemically their 
alloys so it is not possible from their work to obtain 
an exact correlation between Curie temperature and 
composition. Jack" has also studied the e-carbo- 
nitrides and has determined the influence of com- 
position on lattice parameter. By comparing the re- 
sults of both investigations, composition and Curie 
temperature can be related quite well. It appears 
that during the nitriding of the Hagg carbide a 
carbonitride is first formed of low nitrogen and 
comparatively high carbon content. Upon further 
nitriding, nitrogen not only replaces the carbon but 
also takes up unfilled interstitial positions in the e- 
carbonitride structure. As the nitrogen content iIn- 
creases, the Curie temperature drops from 388°C 
for an estimated composition of 12 atomic wt pet C, 
12 atomic wt pet N to —90°C for 2 to 3 atomic wt 
pet C, 30 atomic wt pet N. Upon vacuum annealing 


Table !V. Lattice Parameters of Boro-Cementites 


c,A 


6.7480 
6.7096 
6 6892 
66027 
60605 
6 6685 
4500 y 6 6685 


5.0790 


a carbonitride, during which nitrogen is removed 
from the nitride and the carbon content remains es- 
entially constant, the Curie temperature increase 
to the value for the high carbon low nitrogen carbo- 
nitride first formed from the Hagg carbide by ni- 
triding. From these experiments it is clear that a 
the nitrogen content is increased the Curie tem- 
perature decrease Unfortunately, it is not pos- 
sible to determine from their work whether the re- 
placement of nitrogen by carbon produces any sig- 
nificant change on the Curie temperature. If the 
relation for saturation magnetization and Curie 
temperature mentioned previously applies to the 
iron nitrides, then the saturation magnetization will 
decrease with increasing nitrogen content. This de- 
crease may be interpreted as associated with the 
donation of electrons by the interstitial nitrogen to 
the 3d shell of iron. 
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Fig. 5—Saturation 
magnetic moment 
per gram for 
Fe,(C,B) as a func- 
tion of boron con- 
tent for Fe,(C,B). 
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From the foregoing it appears that a plausible 
explanation for the change in saturation magneti- 
zation and Curie temperature may be based on an 
electron transfer between the interstitial atoms and 
the 3d quantum shell of tron 


Solubility in Interstitial Compounds of Iron 

The extremely large solubility of boron in Fe,C 
certainly inconsistent in terms of size- 
factor considerations when compared with the neg- 
ligible solid solubility of nitrogen in Fe,C reported 
by Jack.” It is therefore of interest to determine 
whether or not there are other inconsistencies, from 
the point of view of relative size of the interstitial 
atoms, in their solubilities in interstitial compounds 
of iron. In the iron nitrides, Fe,N, Fe,N, and Fe,N, 
Jack" has shown that carbon may replace up to ap- 
proximately one half of the nitrogen present in the 
interstitial compound. This is inconsistent with his 
observation of solubility of nitrogen in Fe,C. In the 
case of iron boride, Fe,B, Vogel and Tammann’ in- 
dicate that the solid solubility of carbon is negligi- 
ble. This is supported by unpublished work of 
Darken and also is the conclusion of the author 
based on X-ray evidence. The lattice parameter: 
of Fe.B in an Fe-B alloy are virtually the same a: 
the lattice parameters of Fe.B when saturated with 
carbon, as in the case when Fe.B is in equilibrium 
with Fe,(C,B) and y. In the Fe-B-N system, the 
tability of boron nitride (BN) is so great that it 
prevents the coexistence of the iron nitrides and 
therefore it is not possible to deter 
solubilities of boron in iron ni- 
trides and nitrogen in iron boride From the avail 
able data on binary interstitial compounds of boron 
evident: that 


appears 


iron boride 
mine the relative 


carbon, and nitrogen with iron, it 1 
the solubility of an element of higher atomic num- 
ber than the element in the compound is negligible, 
while the solubility of an element of lower atomic 
number i 

The relative solubilitie 
nitrogen in the interstitial compounds appear to 


considerable 


of boron, carbon, and 
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follow a pattern which may be explained in terms 
f the electron transfer concept and the number of 
td electrons of iron. First, it is a 
erystal structure of the interstitial compounds ji 
letermined in part by the influence of interstitial 
atoms on the nurmber of 3d electrons of iron. For 
tructure there is a number of 


each maximum 


electrons which can be accommodated in the 3d 
hell. If the number of 3d electrons i 
the ubstitution of a solute atom for an existing 
interstitial If the replace- 


ment would result in an increase in 3d electrons, it 


decreased by 
replacement may occur 


would not 
Summary 
The solubility of boron in cementite ha 
found to be 5.30 pet at 1000°C. Thi 
to an #0 pet replacement of the carbon by boron 
how that a 
6 pet increase in the b lattice parameter of the o1 


been 


correspond 
X-ray lattice parameter measurement 


thorhombie cell accompanies the ubstitution§ of 
Saturation magnetic moment per 
Fe.C to 185 for 


from 


boron for carbon 
vram increase from 168 for 
FeC, .B The Curie temperature increase 
190 © for Fe.C to 578°C for Fe,C, .B These ex 
periments have been interpreted as indicating an 
electron transfer between the 3d shell of iron and 
the interstitial atom. It is further suggested that the 
relative solubilities of interstitial elements in the 
interstitial compounds of iron are determined in 


part by this electron transfe1 
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Technical Note 


Aluminum-Magnesium Equilibrium Diagram 


by J. B. Clark and F. N. Rhines 


HE Al-Mg phase diagram in the composition 
from 30 to 60 pet Mg remain 
are reported in thi 


uncertain 
Four intermetally compound 
composition range. All of the published diagram 
are in agreement as to the existence of intermediate 
phase ‘ $7 and 52 pet Me Confu 
ion « however, as to the number and identity 
of the intermetallic phases present in the inter 
from 37 to 52 pet Mg 
denote the existence of a 
phase « near 42 pet Mg. Kawakami,’ Reiderer,” and 
Luaves’ report a phase near 48 pet Mg. Eickhoff and 
Vosskuhler urvey of the literature, 


composed the diagram with the ex- 


Vening Composition range 
Vikheeva and Kurnakovy 


from a critical 
hown in Fig a 
ception of the eutectoid horizontal of the «-phase 
hown at 210°C. Raynor in a urvey dis- 
counts the existence of the phase proposed by Ka- 
at 48 pet Mg and report 


imitlar 


wakami et al a composite 
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MAGNES wat 
Fig. 1—The Al-Mg phase diagrom as reported by Eickhoff 
and Vosskuhler’ with the exception of the eutectoid hori 
zontal of the «-phase shown at 210°C, which has been added 
by the authors 


diagram similar to that of Eickhoff and Vosskuhler.” 

This uncertainty as to the number of intermetallic 
phases in the Al-Mg system may be eliminated by 
annealing a diffusion couple of pure aluminum and 
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[PURE MAGNESIUM] 


S 


PURE ALUMINUM 


Fig. 2—The structure produced in a diffusion couple composed of pure magnesium and pure aluminum after a 1000 hr anneal 
at 335°C followed by a rapid quench. Center micrograph, X100; right, X350 Reduced approximately 20 pct for reproduction 


magnesium. If, after a long diffusion time at a given 
temperature, four diffusion layers are formed, then 
at the diffusion temperature four intermetallic 
phase fields are present in the diagram 


Table |. d Values of the «-Phase 


Kelative 
Intensity 


Relative 
Intensity 


Kelative 
Intensity 


In connection with a study of diffusion-layet 
formation, a diffusion couple of pure aluminum and 
magnesium was annealed for 1000 hr at 335 C and 
rapidly quenched. The couple was polished on a 
plane perpendicular to the diffusion interface and 
etched in a solution of 1.5 pet HCl, 2.5 pet HNO,, 
and 0.5 pet HF in water 

The diffusion structure of the couple, shown in 
Fig. 2, consists of only three intermetallic phase 
layers, suggesting that one of the reported phase 
does not exist at 335°C. By metallographic and 
powder X-ray diffraction analyses, the thick layers 
were identified as the 8 and the y (Mg,.Al,.) phases 
of Fig. 1. It remained to be determined whether the 
thin layer was the e-phase near 42 pct Mg, reported 
by Mikheeva and Kurnakov,’ or the phase near 48 
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reported by Kawakami However, the 
thinness of the center layer precluded direct identi- 
fication by X-ray diffraction samples taken from the 
Several alloys near 42 and 48 pet Mg were 
reported 


pet Mg, 


couple 
annealed for 1000 hr at 335 °C. The phase 
by Kawakami was not detected. The presence of a 
phase near 42 pet Mg wa The d value 
of the main reflections of the phase are given in 
Table I. It was concluded that the thin center layer 
of the couple consisted of the e-phase reported by 
Mikheeva and Kurnakov 

If the couple is air-cooled, 
quenched from 335°C, only two diffusion layers, y 
(Mg,.Al,,) and f, are seen. Thus it appears that the 
e-phase decomposes eutectoidally to #6 and y (Mg 
Al,,) at some temperature below 335°C. The phase 
diagram shown in Fig. 1 should indicate, therefore 
a eutectoid horizontal joining the #, «, and y (Mg 
Al,,) phases at a temperaure below 335°C. The 
temperature of this eutectoid horizontal has not 
been determined. However, the authors have added 
to the Al-Mg phase diagram a eutectew) horizontal 
at an arbitrarily chosen temperature, joining the 
B, «, and y-phases. At 335°C, the composite dia 
grams reported by Eickhoff and Vosskuhler’ and by 
Raynor indicate correctly the equilibrium state of 
the Al-Mg 


confirmed 


instead of being 


ystem 
References 


S. Kurnakov and V. I. Mikheeva 
1934 ol. 10, p 5 
iwakami crence Report 


Irvent 
Anal 
M 
127 
Reiderer: Ztach. fi 
Laves and K Moeller: Ztach. fur 


2 


Tohoko Imp 


r Metalikurde, 1936, vol. 28, p. 3 
Metatlhkhunde 1934 


V. Raynor: Al-Mg System, Annotatec uilibrium Diagran 
No. 5, Inst. of Metal London, 1945, p. 2 
*V. K. Eickhoff and H. Vosskuhler: Ztach. fiir Metailkunde, 1953, 
vol. 44, pp. 223-231 


JANUARY 1957, JOURNAL OF METALS—7 


j 
| 
' 
| 
2.68 2 2.01 140 4 
2.49 100 1.975 1.37 3 
2.42 40 1.865 1.352 4 
2.34 25 181 | 1295 1 
2.29 1.735 1.245 
2.2% 3 1.52 
2.13 4 1 485 
208 6 1.465 
2.05 6 1.435 
Sekt. Fiztko-Khin 
Univ., Japan, 1936 
2 
ol. 40 


Upper Nose Temper 


Embrittlement of a Ni-Cr Steel 


Temper embrittlement of a Ni-Cr steel was investigated both isothermally and with temper- 


ature changes 


Embrittlement was most rapid in two temperature ranges: 490 


to 550 C and just 


below the Ae,, near 675 C. Embrittlement in the lower range was accompanied by rapid grain 
boundary attack by ethereal picric acid and fracture along austenite grain boundaries. Embrittle- 
ment in the upper range was accompanied by slow attack by ethereal picric acid and fracture 
mostly along ferrite grain boundaries. No increase in ferrite grain size was observed, but carbide 
particles grew during treatments in the upper temperature range. Embrittlement during slow cooling 
from 675 C appeared to be associated with the lower range. 


by L. D. Jaffe and D. C. Buffum 


i ARLIED the authors and coworkers had pre 
4 sented data on isothermal temper embrittlement 
of an SAE 3140 steel In that work, however, at- 
tention was concentrated on embrittlement at 575 °C 
howed that 
rapid than 


and below. Preliminary measurement 
embrittlement at 675 C was much more 
from the data at the 
and indicated the 
75 C. The po 


temperature 


lowet 
furthe: 
ibility of an upper nose 


would be ‘ pected 


temperature need for 
work above 
diagram 


in the time embrittlement 


above 575 C was pointed out 


Procedure 

The same heat of SAE 3140 steel was used as in the 
previous work, and experimental methods were the 
ame. All blanks were austenitized 1 hr at 900°C 
and water quenched 
lhe at 675°C, water quenched, and given embrittl 
ing treatments for times of 5 min to 240 hr at 675 
to 600 C. a hown in Table I after 
the temper and quench, were embrittled 48 to 1440 
hr at 550°C 

Another 
quenched, and held for 
‘75 C (Table Il). For comparison, a series was tem 
pered for these same times at 700°, 675°, and 650°C 
(Table IIL). The Ae, temperature for this heat of steel 
ipproximately the 
introduced to determine 


Groups were then tempered 


Other groups, 


tempered 240 hr at 675° C 
various time at 650 to 


rie Wa 


had been determined a 
treatments at 700°C were 
the effects of tempering in a range where a little 
iustenite would form 

A large 
holding at two temperatures in succession after the 
temper and oceasionall low cooling or 
treatments are listed in 


number of other treatment involving 
heating 
were also studied. These 


the table 
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Fig. 1—Effect upon transition temperature of embrittling 
time, after short temper. All specimens previously austen 
itized | he at 900°C, water quenched, tempered | hr at 
675°C, and water quenched 


Austenitizing was done in air; all subsequent 
treatment Blanks were always wate! 
quenched after the last treatment 

The heat-treated blanks were machined to stand- 
ard V-notch Charpy specimens. A transition curve 
group was obtained by breaking the 
temperatures on a 217 ft-lb impact 
machine having a striking velocity of 16.8 fps, and 
plotting the observed percentage of fibrous fracture 
vs the test temperature. From this plot, the transi- 
tion temperature was taken as the lowest tempera- 
ture at which the fracture appeared 100 pct fibrous; 
its accuracy is estimated as *5 C 
hardness was measured on every bat 
itself seems to decrease 


were in salt 


for each peci- 


mens at variou 


Generally, 
Since a decrease in hardne 
the transition temperature ; 
of —0.28°C per Bhn was applied to permit com- 
parison of the transition temperatures on a uniform 
basis of 24 Re. The transition temperature and 
hardne results are given in Tables I through VI 
Where overlap of earlier work’* occurred, data were 
combined 


omewhat, a correction’ 
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For most of the groups treated at a single tem- 
perature in the range 600° to 700°C, and for some 
of the other groups, the fractured surface of the 
pecimens broken at the lowest test temperature 
(usually 195 C) was examined with the naked 

-and under a binocular microscope at X60. Half of 

pecimen was then electroplated with 
nickel, sectioned perpendicular to the notch, and 
metallographically polished. The carbide particle 
ize was observed, after etching with picral, at 
X1500, using a 1.4 N. A. objective. Samples were 
then repolished and thei: response to a 5-min etch 
by picric acid dissolved in ethyl ether containing 
Zephiran chloride‘ was observed with the naked 
eye. They were next lightly repolished for 1 min on 
the last polishing wheel‘ and examined at X800, 
with a 1.0 N. A. objective, for depth of grain bound- 
ary attack and for ferrite grain size. The grain size 
was determined by comparison with ASTM chart 
The path of fracture was then observed at X1000 
with a 0.85 N. A. objective 


Isothermal Kinetics 


In Fig. 1 the transition temperatures for the vari- 
ous isothermal treatments after a 1 hr temper are 
plotted as functions of the time of embrittlement 
Fig. 2 shows the transition temperatures after vari 
ous times of tempering. The isoembrittlement curve 
of Fig. 3 were obtained by cross plotting from Fig 
1 and 2 

It will be seen from Fig. 3 that there were 
eparate noses or temperature ranges in whict 
brittlement was rapid. Lower nose mbrittlen 
was most severe at 550° to 495°C ner nose 
brittlement was most severe at 675°C, the h 
temperature tudied (The 700 C treatment 


own to be above the Ae, temperature 


cn 
cluded in Fi } for comparison only: embrittlement 
at 700°C was more apid than at 675 °C.) 


The lower nose rves of Fig. 3 run almost hor 
zontally at the hig! temperature Thus, lower 
nose embrittlement above 500°C appeared up 
proach a maximum value at each treatment ten 
perature; the extent of possible embrittlement de 
creased as the temperature was raised (Fig. 4) 
Jelow 500°C (and po ibly at 540° to 500 C), the 
time of 240 hr was apparently insufficient for the 
maximum possible degree of embrittlement to de- 
velop at each temperature. The curves at 550° to 
600°C (Figs. 1 and 3) suggest that, after the maxi- 
mum possible lower nose embrittlement was de- 
veloped at a fixed embrittlement temperature, fur- 
ther holding at that temperature led to a decrease 
in embrittlement. The decrease in embrittlement 
eems to have been terminated by the onset of 
upper nose embrittlement Although there was a 
deep bay, or region of slow embrittlement, just 
above 600°C, upper nose embrittlement took place 
here at times longer than 30 hr, and apparently 
continued to lower temperatures, overlapping the 
lower nose (Fig. 3). At 550°C, upper nose embrittle- 
ment appeared to show up at 1440 hr. It doubtle 
would occur at still lower temperatures if the time 
was sufficiently long. No maximum in the extent of 
upper nose embrittlement was observed 


Microstructural and Fracture Behavior 


No noticeable ferrite grain growth was observed 
in the course of embrittlement at either the upper 
or the lower nose (Table VII) 


TRANSACTIONS AIME 


TREATMENT TIME, fre 


Fig. 2—Effect upon transition temperature of tempering 
treatment time. All specimens previously austenitized | hr 
at 900°C and water quenched 


‘ 

e+ 6 
er 


ue 


Fig. 3—Time-temperature diagram for isothermal embrittle 
ment of SAE 3140 steel. All specimens previously austen 
itized | hr at 900°C and water quenched. Specimens treated 
at 660°C and below were also given a prior temper of 1 hr 
at 675°C and water quenched; plotted times for 675° and 
700°C are adjusted accordingly 


Fig. 4— Maximum 
degree of lower nose 
embrittlement as 
function of embrit 
thing temperature 
lsothermal embrittle 
ment up to 240 hr; 
from curves of Fig. 3 
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Fig. 5—Grains, attack by etchant, and fracture cross 
section, material embrittled in lower nose region 
Specimen tempered | hr at 675°C, held 48 hr at 500°C, 
broken at —150°C. Etched 5 min in ethereal picric 
acid containing Zephiran chloride, lightly repolished 
1 min. Attack by etchant: fast; ferzite grain size 
ASTM 12 to 14; fracture: mostly austenite grain bound 
ary; 0 pct fibrous. 085 N. A. X1000 Reduced ap 
proximately 25 pct for reproduction 


The carbide particles in all specimens examined, 
as revealed by etching with picral, were spheroidal, 
with little concentration at grain boundaries. The 
carbide particle size increased somewhat at the 
longer times and higher temperatures, correspond- 
ing to upper nose embrittlement (Table VII). The 
observed carbide growth appeared to be merely part 
of the normal tempering process 

Attack by ethereal picric acid with Zephiran 
chloride was moderate for the specimens given short 
time heat treatments (nominally unembrittled) 
With lower nose embrittlement, attack at austenite 
and ferrite grain boundaries became rapid (Fig. 5) 
With upper nose embrittlement, on the other hand, 
attack by this etching reagent became slow, Fig. 6 
The data (Table VII) suggest that this decrease in 
etching response was somewhat faster at 650° to 
660° than at 675 C, despite the faster embrittlement 
at 675 C. At 600°C there seemed to be an increase 
in the response to etching, followed by a decrease 
at times corresponding to lower and upper nose 
embrittlement (Fig. 3). Specimens held at 700°C, 
above the Ae, temperature, showed slow etching 
response initially or rapidly decreased in response 

In specimens tempered for short times (nominally 
unembrittled), the surface of fracture, for 
mens broken at low temperature, appeared rough 
to the naked eye and showed considerable deviation 
from a plane at the compression side. On longe 
holding in the upper nose region, the fracture be- 
came smooth and almost flat (Table VII). Holding 
in the lower nose region, however, did not change 


speci- 
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Fig. 6—Grains, attack by etchant, and fracture cross 
section, material embrittled in upper nose region 
Specimen tempered | hr at 675°C, held 240 hr at 
660°C, and broken at 195°C. Etched 5 min in 
ethereal picric acid containing Zephiran chloride At 
tack by etchant: slow; ferrite grain size’ ASTM 13 to 
14, fracture: in this area, mostly ferrite grain bound 
ary; 0 pct fibrous 085 N A X1000 Reduced ap 
proximately 25 pct for reproduction 


these characteristics from those of the unembrittled 
Under a binocular microscope, at X60, 
with the center 


specimens 
the same changes were noticeable 
of unembrittled and lower nose specimens showing 
a two-plane appearance and the center of upper 
displaying a wavy fracture, The 
Interestingly, the 


nose specimen 
change was most rapid at 675 C 
fracture change was slower above the Ae, at 700°C, 
despite more rapid loss of toughness in this range 

Some scatter occurred in the fracture observa 
tions at Xl and X60. With polished 
X1000, there was more scatter, probably attributable 
to the difficulty of judging fracture paths, Neverthe 
less, some generalizations can be made. At short 
times (unembrittled), the path of fracture appeared 
to be predominantly transgranular cleavage. After 
longer holding above Ae,, at 700°C, and in the uppet 
nose region, at 675°C and probably down to 625 
the fracture appeared to be predominantly along 
ferrite grain boundaries (Fig. 6). After holding in 
the lower nose region, at 600° to 500°C, the fracture 
became predominantly along austenite grain bound- 
aries (Fig. 5) 


ections, at 


Anisothermal Embrittlement 


The remainder of the experimental work dealt 
with the interactions of treatments at several tem- 
peratures. Table II indicates that, after 
thermal embrittlement just below Ae,, 
lower temperatures in the upper nose range pro- 
duced little change in the transition temperature 


holding at 
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A few of the measurements show a slight rise in 
transition temperature, but the amount Is hardly 
greater than the experimental erro: 

For specimens embrittled in the lower nose region 
and then given a second isothe rmal treatment at a 
lower temperature, the final embr ittlement was gen- 
erally more than for either treatment separately 
(Table IV). In some cases, initial holding at the 
econd temperature seemed to produce a slight drop 
in transition temperature, which on longer holding 
was replaced by an increase (Fig. 7). The decrease 

mail but occurred in several series of tests, so 
it is probably real. It seemed to make no difference 
whether the specimens were transferred directly 
from 525° to 450°C or quenched from 525°C to 
room temperature, then rapidly reheated to 450°C. 

When a specimen embrittled at one temperature 
was held at a higher temperature In the lower nose 
region, the final embrittlement appeared to approach 
that embrittlement which arose from the high-tem- 
perature treatme nt alone (Table V) This was true 
whether the second treatment alone gave a higherora 
lower transition temperature than the first treatment 
Less than 1 hr at 600°C was adequate to wipe out the 
effect of 48 hr embrittlement at 500 C. Holding 100 
min at 500°C reduced the transition temperature of 
material previously ¢ mbrittled 48 hr at 475°C. Since 
long holds at 500°C (Table I) gave much higher 
transition temperatures, retrogression of embrittle- 
ment apparently can take place in the lower nose 
region 

In the upper nose region, short holds at a higher 
temperature following longer treatment at a lowe! 
temperature in one Case left the transition tempera- 
ture unchanged and in another case decreased it 
(Table V). The latter (tempet at 650°C for 48 hr 
and heat to 675°C for 1 hr) suggests reve! ibility 
of upper nose embrittlement Also, since the transi- 
tion temperature rose on longer holding at the final 
temperature, it suggests retrogression in the upper! 
nose region 

For specimen embrittled isothermally the 
upper nose region, and then held isothermally in the 
lower nose region, the final transition temperature, 
corrected for hardness, approximated the higher of 
the two transition temperatures re ulting from the 
two treatments applied separate ly (Tables I and 
VI). It should be noted that when the lower nose 
treatment alone gave a higher tran ition tempera- 
ture than the upper nose treatment, the uncorrected 
transition temperature after the two treatments ap- 
plied successively wa lower than for the second 
treatment alone. Since the long upper nose treat- 
ment produced con iderable softening, however, it 
appears that the values after corrections for hard- 
re changes are more illuminating 


Isothermal embrittlement in the lower nose region, 
followed by isothermal holding in the upper nose 
region, gave the same transition temperature as the 
upper nose treatment alone (Table V). When, in- 
tead. after the lower nose treatment, the material 
was slowly heated into the upper nose region, then 
quenched without holding, the transition tempera- 
ture fell greatly, approaching that expected for 
treatment in the upper nose alone for a time com-~ 
parable to that spent in heating through this region 
It is interesting to note that for the mat rial heated 
rapidly to the upper nose and held, the response to 
the picric-Zephiran reagent was similar to that of 
a specimen held in the upper nose alone, and its 
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Table IV. Embrittlement at Two Successive Lower Nose Temperatures, the Second Being Cooler Than the First* 


First Treatment 


Tempera- 
ture, °C 


Tempera- 


Time Transfer ture, °C 


iwhed directly to 
nehed directly to 
nched directly to 
nched 
nched 
ched 
r quenched 
r quenched 
r quenched 
r quenched 
r quenched 
nched directly 
neched directly 
whed directly 
nehed directly 
nched directly 
r quenched, reheated 
r quenched ated 
r quenched ated 
r quenched ated 
r quenched ated 
ched directly 
Quenched directly to 
Quenched directly to 


ated 

ited 
ated 
ated 


te 


3 


pecimer previously 


sustenitized 1 hr at 900°C 
transition temper 


sture 


transition temperature C, corrected to Re 24 


Second Treatment 


water quenched 
uncorrected for hardness variation 


After 
second 
Treatment 
Alone, 


After 
First 
Treatment 
Alene, 


After 
Treatments 


Time 


5 min : 46 
20 min a6 
100 min 
38 
48 hr 46 
min 
20 min 
100 min 


tempered 1 hr at 675°C, and water quenched 


fracture behavior was glso consistent with 
nose treatment (Table VII) 

After furnace-cooling at 17°C per hr from 675°C 
to room temperature, holding near the lower 
produced a decrease in transition temperature fol- 
lowed by an increase (Table VI). This behavior was 
similar to that encountered on holding in the lower 
region after previous isothermal holding at a 
higher with the higher temperature 
lying in the lower rather than in the upper 
This that the embrittlement 
resulting from furnace cooling was primarily lower 
nose rather than upper nose in charactet 


uppe! 


nose 


nos 
temperature, 
nose 
nose 


region suggests 


Discussion 

The existence of two separate temperature ranges 
within which temper embrittlement is rapid, sug- 
gested a few years ago, has now been established 
for several alloy steels,”” including the SAE 3140 
tudied here. It seems certain that this double nose 
brittleness represents a general behavior of 
alloy steels 


tempe! 


Temper brittleness developed in the two tempera- 
ture ranges now appears to differ in respect to frac- 
ture path and to etching The 
causes of the two types of brittlene un- 
Lower nose embrittlement i: 
tributed either to very thin particle 
probably of iron carbide, at austenite grain bound- 
to segregation of dissolved carbon atom 
boundaries Upper 
attributed to ferrite 
agglomeration of carbide 


reagents 
are still 
generally 

of precipitate, 


response 


certain at- 


aries, ol 
to austenite grain 
brittlement ha grain 
growth”* or to par- 
ticles In the present experiments, however, an 
increase of more than 90°C in the corrected transi- 
tion temperature was observed during upper nose 
embrittlement with no noticeable change in ferrite 
grain size. Accordingly, it does not seem that ferrite 
grain growth can be a prime factor in the develop- 
ment of temper brittleness. Carbide growth was 
found in the upper region. Since tempering, 
which is mostly a process of carbide particle agglom- 
eration, usually produces a progressive increase in 
toughness,” it is not evident that the observed car- 


nose em- 


been 


nose 
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bide growth would produce the observed embrittle- 
ment embrittlement has been called 
irreversible embrittlement, * but there has been no 
evidence that an increase in temperature may not 
cause it to The present work 
suggests that it is reversible; if confirmed, this would 
appear to rule out both grain growth and carbide 
growth as causes of upper nose embrittlement. It is 
worth noting that isothermal treatment above Ae,, 
produced embrittle- 
to that 


nose 


Upper 


reverse (decrease) 


where a little austenite formed 
ment which on the whole wa 
veloped in the upper nose region 

Because of the differing characteristics and prob- 
ably different causes of temper embrittlement in 
the two regions, it is necessary, in evaluating earliet 
work, to be sure whether the embrittlement there 
considered was uppe! lower nose in char- 
Relatively slow attack by ethereal picric acid 
to be characteristic of upper nose embrittle- 
So is fracture along ferrite grain boundaries, 


similar de- 


nose ol 
acte! 
eems 
ment 


QUENC HE 1 490% 


WATER QUENCHED, MEHEATED TO 


ATEL 


QuEN 


WATER -GQUENCHE 


Fig. 7—Behavior during isothermal holding after prior lower 
nose embrittlement at a higher temperature. All specimens 
austenitized | hr at 900°C, water quenched, tempered | hr 
at 675°C, water quenched, embrittled at 525°C, and trans 
ferred to 450°C 
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550 48 hr 500 36 
925 100 min 450 67 
525 100 min 450 70 
525 100 min 450 hn 
525 100 min 450 70 
525 100 min 450 51 
525 100 min to 451 “7 
525 100 min to 450 70 
§25 100 mir to 450 70 
525 100 min to 450 Bhs 4 70 
25 100 min to 450 48 hr 20 th 9 4 51 
925 46 hr 450 5 min 10 15 67 
525 48 hu 50 20 min 14 % 12 15 70 
25 48 50 100 min 12 10 is 70 
525 50 & hr 0 2 1S 70 
525 44 he 50 48 hr +18 21 15 51 
525 $4 her to 0 5 min 6 6 15 67 
925 48 her to 50 20 min 12 ty 11 15 70 
52 to 50 100 min 5 22% 15 70 
525 her to 50 & hi + 4 23% 5 15 70 
925 her to 50 4% he +29 24% 40 15 51 
500 8 hi 50 48 hr 5 22 2 6 51 
S00 Sh: 48 hi 24 23% 25 53 
475 48 bu 5 48 hr + & 24 + 5 18 65 
* Alls 
EMBRITTLE mun AT $2° 
| EMBRITTLE ren AY 525°C, 
‘ | * EMBPITTLED 46% 525°C 
4! | ™ 
2 
¢ 
-20} 
eo} 
TIME AT 450°C. 


Toble V. Embrittlement at Two Successive Temperatures, the Second Being Hotter Than the First* 


Treatment 


Tempera 
ture, 


Tempera 


ture, Time Transfer 


Vater quenched, reheated to 
hed, reheated to 


reheated to 
reheated to 


te 


reheated to 


hr at ¢ 
rrected to Re 24 


are 


directly after water quenching from 900° 


Second Treatment 


water quenched, tempered 
ted for hardness variation 


After 
second 
Treatment 
Alone, CTT? 


After 
First 
Treatment 
Alone, CTT?# 


After Both Treatinents 


100 min 
She 
She 
44 hie 


at 675°C, and water quenched, except as noted 


Table Vi. Other Successive Embrittlement Treatments” 


Tempera 
ture, 


{ eoling Prom Tempera 


Temper ture, Time Transter 


Quenched directly to 


Keheated 
KHeheated 
Heheated 
Keheated 
Heheated 
Heheated 


nitizved | hr at 


Second Treatment 


water quenched, and 


After 
second 
Treatment 
Alone, 


After 
First 
Treatment 
Alone, CTT? 


After Both Treatments 


Time 


npered 1 hr at 675°C 


( uncorrected for hardness variation 


corrected to Ke 24 


and other work. Plain carbon steel 
embrittled isothermally shows little re 
etchant reported” to fracture predominantly 
by cleavaye rather than along austenite grain bound- 
difficult to distinguish from frac 
boundaries. Accordingly, 
plain 


according to thi 
ponse to the 
and 1 
arn cleavape 


ture along ferrite prain 
carbon 

That 
in plain car- 
and on slow 


and by etching 


isothermal temper embrittlement in 


teels must be mostly upper nose in characte! 
embrittlement occurs 
isothermally 


fracture” 


lower 
tee! both 
is, however, indicated by 


bon cooling, 
ult 

The 
erved in thi 


hape of the tsoembritthement curves as ob- 
work (Fig. 3) suggests that the rate 
embrittlement below 500°C is diffu- 

The almost horizontal course of the 
long times at the higher nose tem- 
and the dependence of the maximum de- 
embrittlement upon the 
1) are probably the basis 


of lower nose 

ion-controlled 
eurves for lowe! 
perature 
uree of lower nose em- 
britthng temperature (Fig 
for the of equilibrium degree of embrittle- 


ment 


old idea 
That the 
temperature is not 


maximum embrittlement reached at 
governed by equilibrium 
indicated by the decrease in embrittle- 
holding (Fig. 1). Thi 


decrease in 


each 
conditions t 
ment on further decrease ap- 
hardness on 
Such 
would 
olution as a cause 


pears analogous” to the 


hardening system over- 


decrease in embrittlement, 


oreraging an ane 
upping, appeal 
in solid 
embrittlement. The increase in transi- 
which takes place subsequent to 


observed in othe 


to rule out segregation 


of lower nose 
tion temperature 


the decrease has been steels 
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and attributed to upper nose embrittlement over- 
lapping the lower nose at long times 

The authors previously reported” that, when sam- 
ples of this steel were embrittled at one tempera- 
ture, then heated to a higher temperature and held 
there, embrittlement could first decrease and then 
increase. They interpreted this as retrogression, in 
which small precipitate particles dissolve rapidly at 
the higher temperature, but larger particles pre- 
cipitate on longer holding In light of the late 
upper and lower now ap- 
pears that the earlier experiments, using 500° and 
675 C as the two temperatures, can be explained as 
removal of lower nose embrittlement followed by 
the development of upper nose embrittlement. The 
experiment described here, in which 475° and 500°C 
were the two temperatures, cannot be so explained, 
and lower embrittlement 
ciated with true retrogression. The experiment in 
the present work using 650° and 675 C tempera- 
tures suggests that theories of upper nose embrittle- 
ment may also have to account for retrogression 

It was mentioned previously that the behavior, on 
reheating and holding at constant temperature, of 
material embrittled by slow cooling from just below 
Ae,, indicates that the embrittlement during this 
slow cooling was of the lower nose variety. So does 
the observation that material embrittled by 
cooling becomes tougher as slow reheating proceeds, 
starting in the lower nose region;” upper nose em- 
brittlement would not be decreased by such treat- 
The fact that ethereal picric acid with 


recognition of noses, it 


nose seems to be asso- 


slow 


ments 
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Tem 
Time 
aor ‘shee W 675 lhe 49 17% 40 25 77 
he 240 ie fire t C per hr to 675 0 65 19%5 58 ‘1 77 
he it ithr Quenched directly to 625 ahr 65 22% 63 2 60 
Ihe on ‘ther Water quenched, reheated to 600 lbr 60 24 60 2 61 
he Water quenched, reheated to 600 44 hr 21 2 
he hie Water quenched 600 240 hr 36 2 
Water quenched 600 240 he a6 97 17% 6 4 ‘5 
the ‘ Keheated to 600 240 hr 97'4 185 $5 63 35 
he ‘ Queneched directly 48 he 42 22 19 6 
hie hie Water quenched, $35 24 $3 18 64 
(gue hed directly to 00 9 22 46 51 
Quenched directly to 00 23'2 38 i6 
75 CQuenched directly to 475 10 23 % 65 18 
Tl tion te ( 
‘This we tive 
ih eon erted trom He 
| 
Water quenched 625 he 100 46 her 21 4 60 +2 
17°C per he None None 10 2 > 5 5 
17°C per he None to 00 10 4 8 
17°C pert None to 00 15 min 20 20'y 15 ) 15 
17°C per hi None to 00 0 min 23 21% is 19 
17°C pert None to 00 60 min 21 4 9 
17°C per hr None to hr 10 22's 5 
17°C per ha done to 00 46 he +2 21% 6 ) 
transition temperature 
transition temperature, °C, 


Table Vil. Microstructural and Fracture Data* 


Attack by Ethereal 
Ferrite Picric Etch 
Grain Size, 


ASTM No. 


Treatment 


Time Carbide Size, u xX! 


Practure, Surface 
Fracture, Appearance 
Compression, 
Side Deviation Now, at 
Center 


Mostly 


Practure Path, 
A 1000, Mostly 


Specimens Tempered for Given Time at J00°€ 


Slow 
Slow 
Slow 
Slow 
Slow 
Slow 


1 Medium 
Medium 
Medium 
Slow 
Slow 
Slow 


5 min 14 
20 min I2to 14 <1 
100 min to 14 1 

l4 30 pet 
90 pet 
I2to 14 90 pet 


70 pet 


240 hr to 2, 10 pet 1 


Specimens Tempered for Given 


Medium 
Medium 
Medium 
Medium 
Medium 
Medium 
Slow 


Medium 
Medium 


5 min d 1 
20 min < 1 
60 min 
100 min l Medium 

8 hr <1 Medium 
48 hr : 70 pet 1 to 2, 30 pet 1 Medium 

240 hr 90 pet lto2,10pet<1 Slow 


Specimens Tempered for Given 


Medium 
Medium 
Medium 
Medium 
Slow 

Medium 


5 min Medium 
20 min 
100 min 
48 hr 
240 hr 


Medium 
Medium 
Medium 
to2 Medium 


90 pet 10 pet 


Two-ph Cleavage 
Two-ph ‘ 
Two-pli 


Rough 
Rough 
Rough 
Smooth 
Smooth 
Smooth 


Sharp 
Sharp 
Sharp 
Slight 
Shgeht 
Slight 


Sharp 
Sharp 
Sharp 
Slight 
Slight 
Slight 


Wavy 
Wavy 
Wavy 


errite grain boundar 
Ferrite grain boundar 


Time at 675°¢ 
Rough 
Rough 
Rough 
Smooth 
Smooth 
Smooth 
Smooth 


ape 


lew 
Mwo-pl 

o-ph 
Wavy errite grain bound: 
errite grain bound 
Wavy rite grain bounds 
Wavy rite grain bounds 


Sharp 
Sharp 
Sharp 
Slight 
Slight 
Slight 
Slight 


Sharp 
Sharp 
Sharp 
Slight 
Slight 
Slight 
Slight 


leavage 


Time at 650°¢ 

Rough Two-plane 
Rough Two-plane 
Rough rwo-plane 
Rough Two-plane 
Smooth Wavy 
Smooth Wavy 


Sharp 
Sharp 
Sharp 
Sharp 
Shieht 
Slight 


Sharp 
Sharp 
Sharp 
Sharp 
Slight 
Slight 


tenite grain boundary 
rite grain boundary 


All Specimens Tempered | Hr at 675°C 


Specimens Embrittled for Given Time at d60°¢ 


Medium 
Medium 
Medium 
Medium 
Medium 
Slow 

Slow 


Medium 
Medium 
Medium 
Medium 
Medium 
Slow 

Slow 


5 min 
20 min 
100 min 

8hr 
48 hr 
66%. br 
240 hr 


1 

1 

1 
<1 
40 pet 


90 pet 
90 pet 


60 pet 
to2 
to2 


Sharp Two-plane vane 
Sharp 
Sharp Slight 
Slight Slight 
Slight Slight 
Slight Slight 
Slight Slight 


Rough 
Rough 
Rough 
Smooth 
Smooth 
Smooth 
Smooth 


Sharp 
Sharp leavage 


errite grain boundary 


‘ 
ane 
ane I 
ane 

‘ 


leuavage 
euvane 

leavage 

leavawe or ferrite 
grain boundary 


Specimens Embrittled for Given Time at 650° 


Medium 
Medium 
Medium 
Medium 
Slow 
Siow 


Medium 
Medium 
Medium 
Medium 
Slow 
Slow 


5 min 1 
20 min <1 
100 min <1 

8 hr 1 
48 hr 
240 hr 


35 pet 
90 pet 


, 65 pet 
to2 


Specimens Embrittled for Given 


Medium 
Medium 
Medium 
Medium 
Medium 
Medium 


to 14 l 

to 14 <1 Medium 

100 min Few 1, rest 1 Medium 
Shr Few 1, rest 1 Medium 
48 hr 1 Medium 

240 hr 85 pet Slow 


5 min 
20 min 


to 2, 15 pet 1 


Specimens Embrittled for Given 


Medium 
Medium 
Medium 
Medium 
Medium 
Medium 


Medium 
Fast 
Medium 
Fast 
Medium 
Medium 


5 min 
20 min 
100 min 

ahr 
46 hr <1 
240 hr 30 pet 1, 70 pet 


Specimens Embrittled for Given 


Medium 


1440 he 


ime 


Rough Cleav 
Rough Cleay 
Rough Austenite grain boundary 
Smooth Tw an (Cleavage 

Smooth i leavage 

Smooth ov ferrite 


Sharp 
Sharp 
Sharp 
Slight 
Shght 
Slight 


Sharp 
Sharp 
Sharp 
Slight 
Slight 
Slight leay 
“grain boundary 
Time at 625° 
Smooth 
Rough 
Rough 
Rough 
Smooth 
Smooth 


Slight 
Sharp 
Sharp 
Sharp 
Slight 
Slight 


Two-plane 
Two-plane 
Two-plane 


Slight 
Sharp 
Sharp 
Sharp 
Slight 
Slight leavage or ferrite 
grain boundary 
Time at 600° 
Slight Smooth 
Sharp Rough 
Sharp Rough 
Sharp Rough 
Slight Smooth 
Slight Smooth 


leavage 

Cleavage 

Austenite grain boundary 
\ustenite grain boundary 
sme or ferrite 


Slight 
Sharp 
Sharp 
Sharp 
Slight 
Slight 


lea 


(lew 
grain boundary 
Time at 


Two-plane \ustenite grain boundary 


Specimens Embrittled for Given Time at 500° 


48 hr i2to 14 Fast Fast 


Embrittled 18 Hr at 500°C, 


Medium 


* All specimens previously austenitized 1 hr at 900°C 


Sharp Rough Two- plane Austenite grain boundary) 


Sharp 


Keheated | He at 675° 
Slight Sharp Rough 


Two- plane Ferrite grain boundary | 


and water quenched 


Zephiran chloride attacks specimens embrittled by 
slow cooling more severely than it attacks unem- 
brittled specimens‘ also indicates a lower nose char- 
acter for such embrittlement. Micrographs of the 
heat of SAE 3140 steel used in the present work,’ 
as well of other Ni-Cr steels, plainly show 
fracture along austenite grain boundaries after em- 
brittlement by slow cooling. This in itself appears 
conclusive. Since the furnace cooling treatment pro- 
duces lower nose embrittlement, it is now clear that 
earlier work” on the same heat of steel, involving 
similar furnace cooling together with treatments at 
and below 500°C for not over 48 hr, pertained to 
lower nose embrittlement. The conclusion reached 
there, that embrittlement during 17°C per hr cool- 
ing occurred mostly above 500°C, takes on added 


as 
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interest: as there is little lower nose embrittlement 
above 600°C, all the embrittlement of this 
teel on cooling must occur between 600° and 500°C 


almost 


Conclusions 

1) The Ni-Cr steel 
temperature regions in which temper brittleness de- 
veloped rapidly and isothermally. The lower range 
extended downward from about 600°C, with most 
rapid embrittlement at 550° to 490°C, and continued 
to low temperatures, where the embrittlement be 
came very slow. The upper range extended from 
the Ae, (about 690°C), where embrittlement was 
most rapid, and continued downward, overlapping 
the lower range, with the upper nose embrittlement 
becoming very slow as the temperature was lowered 


investigated showed two 
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ry 
(leavage 
Cleavage 
Cleavage 
Cle pe 
i3tol4 
i4 
I3to 14 1 
| 
— 


2) The maximum degree of lower nose embrit- 
tlement attained on isothermal holding increased a 
the holding temperature wa 
to 500 


lowered, at least down 


4) On long time isothermal holding, lower nose 
embrittlement appeared to decrease 
Phi eon 


is a possible cause of lower nose embrittlement 


(overaging ). 


to eliminate segregation in solid solution 


1) Development of temper brittlene during 
low cooling appeared to be associated primarily 
with the lower nose, rather than with the upper; 


othe tow] tudied 
600° and 500°C 


it took place mostly between 


) Material embrittled in the lower region wa 
uttacked by 
austenite and ferrite 


more rapidly ethereal picric acid, at 
vrain boundaries, than was 

Material embrittled in the 
upper range was, if anything, attacked less rapidly 


than unembrittled material 


unembritthed material 


6) The erystalline fractures of impact test speci- 
mens, broken at low testing temperature 


different 


appeared 
even to the naked eye, for material em- 
brittled in the upper region than for material un- 
embrittled or embritthed in the 


metaullographiu 


lower region. In 


ections observed at high magnifica- 
tion, the fracture appeared to be, after upper nose 

along ferrite grain 
ermbrittlement, along 


and in the unembrittled 


embrittlement, predominantly 
after 


vrain boundart 


boundarte lower nose 
iustenite 


condition, through the grains, by cleavage 


7) Neither upper nor lower nose embrittlement 
ociated with ferrite grain growth; little 
vrain growth occurred in any of the treatments used 


#) In both upper and lower nose embrittlement, 
the carbide particles visible under the microscope 


romamed spheroidal and howed little tendency to 


concentrate at grain boundari 


9) The carbide particle size increased 
upper nose embrittlement. This 1 
to be part of the 
probably not a prime cause of upper nose embrittle 
ment 


omewhat 
during believed 


normal tempering proce and 


10) When steel embrittled by holding at one 
heated to a higher temperature 
(below Ae.) and held there, the degree of embrittle 

ment, and probably the response to etching, rapidly 
approached that attributable to the treatment at the 
higher temperature alone. The location of the two 
temperatures with respect to the two noses did not 
affect this behavior It 1 

lower nose but also upper 


temperature W it 


possible that not only 


nose embrittlement ts 
revel 


11) When steel embrittled by holding at one 
temperature was held at a lower temperature, the 
final degree of embrittlement was 
lightl 


ureater ce 


generally as great 
reater than if the treatment giving the 
ree of embrittlement were applied alone 
An apparent exception occurred when both tem 
perature led to lower nose embrittlement. In this 
cause, transfer to the lower temperature sometimes 
produced a slight decrease in brittleness, which be- 


came an increase on longer holding 
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12) Isothermal temper embrittlement in plain 
carbon steel is mostly characterized by etching and 
fracture behavior corresponding to upper nose em-~ 
brittlement of a Ni-Cr steel. A portion of the em- 
brittlement of plain carbon steels, both isothermally 
and on slow cooling, is, however, analogous to lowe! 
nose embrittlement of the alloy steel 


13) The two commonly accepted explanations of 
ferrite grain growth and 
carbide particle growth eem difficult to reconcile 
with the experimental observation Of the two 
commonly accepted explanations of lower nose em- 
brittlement olved atoms to grain 
boundaries and precipitation of an unidentified phase 


upper nose embrittlement 


egregation of di 


at grain boundari the first seems impossible to 
reconcile with the experimental observation 
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1933, vol. 108, Precipitation from 


Free Energy of Formation of Mn,C, From 


Vapor Pressure Measurements 


by C. Law McCabe and R. G. Hudson 


The Knudsen cell has been employed to determine the free energy of formation 


of Mn.C, in the temperature range 8 


to 950 C. A value of 66,440 cal was found 


for AH . for u-manganese. Measurements of the pressure of manganese over a mixed 


carbide, (Fe,Mn).C,, points to a power relationship between a» 


ECENTLY Kuo and Persson’ have reported that 

the carbide of manganese which 1s in equilib- 
rium with graphite at temperatures up to 1100°C ts 
Mn.C,. There are no published data on the thermo- 
dynamic properties of this compound. In order to 
determine the stability of Mn,C,, it appeared that, 
by obtaining the pressure of manganese above £- 
manganese and also above Mn.C, in equilibrium 
with graphite, the free energy of formation of Mn.C 
from £-manganese and graphite could be obtained 
In addition, the vapor pressure of manganese, re- 
ported by Kelley’ from data of Bauer and Brunner,’ 
is subject to some uncertainty and further deter- 
minations of the vapor pressure of manganese 
seemed warranted. 

In this investigation of the pressure of manganese 
vapor above pure manganese and also above the 
carbide of manganese in equilibrium with graphite 
the apparatus used is the Knudsen orifice cell. The 
ame apparatus, experimental procedure, and meth 
od of calculating the pressure was used in this in- 
vestigation as in one previously reported. Care wa 
taken to insure that the cells were at constant weight 
before using them in a run 

The manganese charged in the cell was Cl 
powder, carbon free, obtained from the Fisher Scien 
tific Co. A spectroscopic analysi 
after appreciable amounts of it had vaporized from 
the Knudsen cell showed that no element was present 
in sufficient quantities to contribute to a weighable 
weight loss or to decrease the vapor pressure of 


> prade 


of the manganese 


manganese to any appreciable extent. The spectro- 
graphic analysis was 0.002 pet Cu, 0.05 pet Fe, 0.002 
pet Pb, and 0.002 pet Ni. 8-manganese’ is the allo- 
tropic form of manganese which was present in the 
cell at temperatures used in this investigation 

The manganese carbide, Mn.C,, was made in the 
following way: In a closed graphite cell manganese 
powder was added to graphite powder, which wa 
made from graphite rods for spectrographic use 
powder was the same as that de- 
scribed previously; 5 pet exce added 
over that required for the formation of Mn.C,. The 
heated in a closed graphite cell for 


The manganese 
graphite wa 


mixture wa 
approximately 20 hr at 1350°K under vacuum. X-ray 


analysis revealed that there was no manganese 


C. L. McCABE, Associate Member AIME, is Associate Professor 
and R. G. HUDSON is Assistant Research Metallurgical Engineer, 
Dept. of Metallurgical Engineering, Carnegie Institute of Tech 
nology, Pittsburgh 

TP 4246E. Manuscript, Nov. 7, 1955. Cleveland Meeting, Octo 
ber 1956 
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Thee eweatigetion, cet 
Kelley colculotion 
Graphite 


10% 


Fig. |—The pressure of manganese vapor above pure manga 
nese metal and above Mn C, in equilibrium with graphite 


present after this treatment, but that the lines due 
to Mn.C, were present 

In order to prove that there was 
bide of manganese effusing out of the 
cell, the following experiment was performed: A 
graphite effusion cell containing graphite power, in 
excess of that to form Mn.C, of a desired amount, 
was brought to constant weight on heating at 1228°K 
accurately 


no volatile cat 
which wa 


The required amount of manganese wa 
weighed and then added to the graphite effusion 
cell. The cell was placed in a vacuum at 12286°K 
for one week, which was the time calculated for the 
manganese to have effused completely, assuming 
instantaneous formation of Mn.C,. The cell was then 
weighed again. This experiment was carried out 
on two different occasions and both times the weight 
loss of the cell came within 1 pet of the weight of 
manganese originally charged minus the weight of 
manganese left in the cell, as determined by chemi 
These data are summarized in Table I 
This agreement is considered to be within exper! 
mental error and is taken a 
of manganese is volatile in this temperature range 
It was established, by X-ray analysis, that Mn.C, 


formed before appreciable amounts of manganese 


cal analysi 


proof that no carbide 


vaporized from the metal powder which was charged 

The identification of the carbide of manganese 
which was present in the Knudsen cell in equilibrium 
with graphite and manganese vapor was carried out 
by Kehsin Kuo at the University of Uppsala. He 
established that the author ample, which wa 
ubmitted to him for analysis, contained the phase 
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Mn.C,, whose structure recently was reported by 
Kuo and Persson 

The summary of the experimental data and calcu- 
lated pressure of manganese, including the correc- 
tion (see Table IV), outlined by Whitman, above 
pure manganese and above the manganese carbide 
in equilibrium with graphite is given in Tables II 
and III. It should be noted that the pressure is inde- 
pendent of the cell material. The pressure of man- 
ganese Vapor as a function of temperature for the 
two systems studied is plotted in Fig. 1 

The least-squares line for the pressure of man- 
ganese vapor, as a function of temperature, above 
/-Manganese is 
14,770 

T 


log p 7.16 [1] 


The least-squares line for the pressure of man- 
ganese yapor above Mn.C, and graphite 1 
14,290 
log p 6.07 
Discussion 

The foregoing vapor pressure data for B-manga- 
nese allows one to calculate AH, for the vaporiza- 
tion of a-manganese. Table V gives a summary of 
the calculations. The pertinent data for this calcu- 
lation were taken from Kelley, Naylor, and Shomate, 
who used the data of Charlotte E. Moore” for the 
energy levels for manganese gas. The mean value 
for SH’, calculated from the data presented here is 
66,440 cal with a probable error of +260 cal. Kelley 
obtained 67,930 cal for SH’,, with a probable erro 
of +410 cal. From Fig. 1 it is seen that the data 
reported here are within 38 pet of the value of the 
vapor pressure of B-manganese at 1220°K calculated 
by Kelley. 

The primary purpose of the pressure measure- 
ments reported here was to obtain the standard free 
energy of formation of the carbide of manganese 
in equilibrium with graphite and manganese vapor 
In all cases for solids the pure substance is the 
tandard state while for gases 1 atm is the standard 
tate. The chemical reaction, based on the conven- 
tion used by Richardson, 1s 


Mn,C,(s). [3] 


C (graphite) < 
3 3 


If the following two reactions are considered 


- 


‘ 
Mn( fg) = Mn(g) 
3 


AF’, RT In pus 


] 
Mni(g) + C(graphite) Mn.C,(s) [5] 


AF — RT In 
3 
for Eq 3 then be- 


their sum equals Eq. 3. The AF 
come 
‘ 
AF”, RT In [6] 
3 
A substitution of Eqs. 1 and 2 in Eq. 6 gives the 
following two-constant equation for AF f(T) for 
Eq. 3 
AF ' 5130 — 11.64 T [7] 


This equation is valid in the temperature range 
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studied. When heat capacity measurements are 
made on Mn.C,, the standard free energy of forma- 
tion of the Mn.C, can be calculated at other tem- 
peratures 

Eq. 7 has been employed to calculate the standard 
free energy of formation of Mn.C, from the vapor 
pressure data obtained in this investigation. At 
1200 °K, it is —8842 cal. Using the equations calcu- 
lated by Richardson’ from equilibrium and thermal 
data for the free energy of formation of Cr,.C, at 
1200°K, AF” is 16,360 cal. Thus, these thermo- 
dynamic data show that Cr.C, is more stable, rela- 
tive to pure metal and solid graphite, than Mn.C, 
This is consistent with the common knowledge that 
chromium is a stronger carbide former than man- 
ganese 

Some additional pressure experiments were car- 
ried out on a sample of high carbon ferromanganese 
The mol fraction of Mn.C, (Nwo.,), in the mixed 
carbide, calculated on the assumption that all the 
manganese was present as Mn.C, and all of the iron 
was present as Fe.C,, was 0.86. There was present 
approximately 0.5 pet Si, which was ignored in the 
mol fraction calculation. Enough graphite powde1 
was added to the crushed material to insure that it 
was saturated with graphite. The phase diagram 
of the Fe-Mn-C system in range of composition and 
the temperature of the experiment shows that a 
mixed carbide, (Mn,Fe),C,, is the stable phase in 
equilibrium with solid graphite and manganese gas 
The experiments were carried out in a graphite cell 
in the same apparatus as in the foregoing work on 
the pure Mn.C,. At 1227°K the pressure of manga- 
nese gas above the high carbon ferromanganese was 
2.11x10° atm, compared to the pressure of 2.63x10° 
atm above the pure Mn,.C,. The ratio of the pressure 
of manganese gas above the mixed carbide to that 
above the pure Mn.C, is readily calculated from the 


foregoing experiment to be 0.80. If the reaction 


7 l 
Mn(gas) C( graphite) 


Mn.C, (solid or solid solution) [8] 


is considered, the equilibrium constant ts 


(Gans) 
[9] 
(Pu) 


and thus the activity of Mn.C, in the mixed carbide 
will be 
(K py, [10] 
The equilibrium constant is easily calculated from 
the experimental determination of the pressure of 
manganese gas above pure Mn.C, in equilibrium 
with graphite. Thus 
] 


(Pp wo) 


[11] 


where p y, is the pressure of the manganese gas 
under conditions where duo. l and a 1. Solv- 
ing Eqs. 10 and 11 simultaneously 


( Pu. ) 

Ps 
Since (0.80)' is much less than 0.86, it thus would 
seem that there are extreme negative deviations 
from Raoult’s law. However, this is only apparent. 
For a similar case Richardson’ has shown that the 
activity of Mn,C in a mixed carbide, (Fe,Mn),C, is 
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equal to the mol fraction of Mn,C to the third 
power. He states that this power relationship re- 
sults from a consideration of the configurational en- 
tropy. Another, yet probably equivalent, method to 
show the power relationship is to evaluate the mol 
fraction of Mn.C, in what might be considered a 
proper fashion. For each group of three carbon 
atoms in a formula unit, there will occur various 
numbers of manganese and iron atoms. From ele- 
mentary statistical considerations the fraction of the 
formula units which will have seven manganese 
atoms, rather than any other combination of tron 
and manganese associated with them, will be 
(N woes)’. 

Defining the mol fraction of Mn.C, in this fashion 
will result in rather close conformity to Raoult’s 
law, which is expected in this system. Thus, for the 
one mixed carbide reported previously 


(CN (0.86) 


Pu. 
P's 


(0.80) 


where N’ refers to the mol fraction of Mn,C, cal- 
culated in the proper manner. A more extensive 
study of the thermodynamics of the Fe, Mn carbides 
will soon be started 


Conclusions 

1) It has been demonstrated that it is feasible to 
use the Knudsen orifice method to measure, at high 
temperatures, pressures which can be used to deter- 
mine quantitatively the thermodynamic stability of 
a metal carbide 

2) The AH’, for the vaporization of a-manga- 
nese has been calculated from the Knudsen cell 
vapor pressure data on f-manganese, It is 66,440 
cal; similarly, Kelley’ obtained AH 67,930 cal 
from the vapor pressure data of Bauer and Brunner’ 
on liquid manganese 

3) The free energy of formation of Mn.C, has 
been calculated from the pressure of manganese 
vapor over #-manganese and over Mn.C, in equilib- 
rium with graphite, for the temperature range 
1075” to 1235°K 

4) <A power relationship between dus... and Nao. 
has been demonstrated experimentally in the mixed 
carbide (Fe, Mn).C, 
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On the Nature of Embrittlement Occurring While 
Tempering a Ni-Cr Alloy Steel 


Data are presented to show that embrittlement in a Ni-Cr alloy steel proceeds by one mecha- 
nism at 925°F and by a different mechanism at 1250°F. The embrittlement occurring at 925°F may 
be removed completely by reheating to higher temperatures for very short times and has no influ- 
ence upon further embrittlement at 1250°F. The embrittlement occurring at 1250°F appears related 
to a permanent structural change which has a significant retarding influence upon subsequent de- 
velopment of embrittlement at 925°F. It is suggested that retrogression phenomena are not neces- 
sary to explain embrittlement; on the other hand, segregation of solute atoms to prior austenite 
and ferrite grain boundaries may provide a better explanation of the occurrence of the two modes 


of embrittlement 


by G. Bhat and J. F. Libsch 


A STUDY of the kinetics of embrittlement in 
engineering alloy steels during tempering ha 
indicated that the presence of alloying elements may 
define two distinct regions of embrittlement: 1) at 
400) to 1000 F, termed low temperature embrittle 
ment, and 2) in the temperature range 1150 to 
1250 °F, termed high temperature embrittlement 

It ha uppvested that embrittlement in each re- 
vion may be due to a different mechanism. At inter- 


mediate temperatures and extended times the course 


been 


of embrittlement may be influenced by the 
position of the embrittlement occurring in the two 
temperature embrittle 


uper- 
region Furthermore, low 
been known to decrease as the tempera- 
lightly above the maximum em- 
brittlement range 

Jaffe and Buflum have 
Ni-Cr steel illustrating the removal of the em- 
brittlement occurring at 932° F by reheating to 
1250 F for an hour. Their data further shows that 
embrittlement proces d 
time at 1250°F, becoming pronounced at long time 
They 
phenomenon involving the 


ment ha 
ture 1 raised 


presented data for a 


continuously with increased 
behavior as a retrogression 


olution of the small 
the temper- 


interpreted thi 


nuclei of precipitate formed at 932° F a 
increased, and reprecipitation of large 
1250 F, with the reoccurrence of 


ature wa 
tuble at 
embrittlement 

desirable to reconsider this explanation 


nuclet 


It appear 
in the light of the two regions of embrittlement pro- 
posed by the authors’ for In addi- 
tion, it appears desirable to determine any influence 
of a preconditioning treatment in each temperature 
ubsequent development of low and 


ome alloy steel 


range upon 
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TRANSITION TEMPERATURE °F 


Fig. |—Influence of reheating temperature and time on the 
removal of embrittlement developed at 925°F in 50 hr 
Transition temperature of 80°F as-embrittled at 925°F for 
50 he 


high temperature embrittlement. It is thus the ob- 
ject of this investigation to study the characteristics 
of the two modes of embrittlement proposed in a 
commercial Ni-Cr alloy steel (AISI 3140) 


Experimental Details 

Material—-The material used in this investigation 
was commercial AISI 3140 steel bar stock, received 
as % in. hot-rolled rounds 

The steel analysis was as follows (in percentages) 
C, 0.39; Mn, 0.79; Si, 0.30; S, 0.028; P, 0.015; Ni, 1.26; 
and Cr, 0.77 

Material Processing and Heat Treatment-——The 
bar stock was first ground to 0.430 in. squares and 
cut into specimens 2%4 in. long. These specimens 
were austenitized at 1650°F for 1 hr and oil 
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Fig. 2—Comparison of embrit 
tlement in specimens directly 
heated at 1250°F with speci 
mens reheated to 1250°F after 
prior embrittlement at 925°F 
for 50 hr. 
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quenched. The microstructure of the quenched 
specimens was essentially 100 pet martensite and 
the fracture grain size was ASTM 7. 

All hardened specimens were tempered by induc- 
tion heating at 1250°F for 5 sec. Specimens given 
this treatment provided the minimum transition 
temperature and served as a basis for comparison of 
subsequently embrittled specimens. This treatment 
also reduced the hardness differential in the em- 
brittled series 

Subsequent to the preliminary heat treatment, 
two groups of specimens were embrittled at 925° F 
for 50 hr, providing a transition temperature of 
80°F. Series of specimens thus treated were then 
reheated at increasing temperatures for varying 
times, as indicated by the data of Figs. 1 and 2, to 
study the removal of low temperature embrittlement 
and the development of embrittlement at 1250 F 
after the preconditioning treatment at 925 F For 
comparison purposes a few series of specimens 
were directly embrittled for various times at 1250°F 

To study the influence of a preconditioning treat- 
ment at high temperature (1250°F) upon subse- 
quent development of embrittlement at 925°F, a 
group of specimens was embrittled at 1250°F for 50 
hr providing a transition temperature of 37°F 
Series of specimens thus treated were reheated at 
925 F for various times as indicated in Fig. 3. For 
comparison purposes a few series of specimens were 
directly embrittled for various times at 925° F 
After each embrittling treatment specimen: 
quenched in wate! 

The embrittled specimens were machined into 
standard V-notched Charpy bars and tested to de- 
velop transition curves of ductile to brittle-type 
failure under impact loading. Transition tempera- 
tures were then determined from the curves relat- 
fracture 


were 


ing impact energy, percentage of fibrou: 
and testing temperature by noting 1) the tempera 
ture of initial appearance of brittle fracture, and 
2) the temperature at one half of the maximum im- 
pact energy level obtained for completely fibrou 
fractures. For the purpose of this study the transi- 
tion temperature used was the temperature of the 
initial appearance of brittle failure. While the ab- 
olute values of the transition temperature varied 
with the criterion used, the general conclusions re- 
garding the embrittlement characteristics of the 
teel were consistent 
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Results 

Fig. 1 shows the rate and extent of removal of 
embrittlement by reheating to successively higher 
temperatures one group of specimens embrittled at 
925°F for 50 hr. The three curves represent speci- 
mens held for 5, 15, and 60 min respectively, at each 
of the reheating temperatures 

The hardness for specimens reheated as indicated 
varied from Re 28 to 32, with the exception of the 
series reheated to 1250°F for 15 min and 1 hr which 
had a hardness of Re 27 and 22, respectively 

The results of experiments conducted to study the 
development of embrittlement at 1250°F after the 
preconditioning treatment at 925°F for 50 hr, as 
well as those for specimens directly embrittled at 
1250°F, are presented graphically in Fig. 2. The 
hardnesses for series of specimens represented by 
the two curves shown were similar but varied from 
Re 32 to 11, decreasing with increasing embrittling 
times 

Fig. 3 compares the results of specimens directly 
embrittled at 925°F and specimens reheated to 
925°F for various times after prior embrittlernent 
at 1250°F for 50 hr. Specimens directly embrittled 
at 925°F had a hardness of Re 32 to 34, while speci- 
mens given the preconditioning treatment at 1250°F 
had a hardness of Re 11 to 15 


Discussion of Results 

An examination of results presented in Fig. 1 in- 
dicates that the removal of embrittlement is more 
dependent on temperature than on time at any par- 
ticular reheating temperature. A considerable part 
of the embrittlement which occurred at 925°F in 50 
hr appears to have been removed upon reheating be- 
tween 1025° and 1125 F. It is interesting to note 
that this corresponds to the same temperature range 
where embrittlement is considerably retarded dur- 
ing isothermal tempering as indicated by an iso- 
embrittlement diagram.’ Almost complete removal 
of embrittlement with remarkably short reheating 
times may be secured by reheating at 1250°F 
Longer holding times at 1250°F, however, then 
cause embrittlement to recur, apparently according 
to the high temperature mode 

The redevelopment of embrittlement at 1250°F 
after a preconditioning treatment at 925°F is better 
illustrated in Fig. 2. It is further apparent from Fig 
2 that low temperature embrittlement (925°F) ha 
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Fig. 3—Comparison of embrit- 
tlement in specimens directly 
embrittled at 925°F with speci- 
mens reheated to 925°F after 
prior embrittlement at 1250°F 
for 50 hr. Transition tempera 
ture of —37°F as-embrittled 
at 1250°F for 50 hr 
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practically no influence on the development of em- 
brittlement at 1250 F 

On the other hand, prior heat treatment at 1250°F 
for 50 hr seems to have a marked influence on sub- 
equent development of embrittlement at 925°F. It 
is Observed from Fig. 3 that when the specimens 
previously embrittled at 1250°F were reheated at 
925 KF, no further embrittlement occurred until the 
increased beyond 10 hr; embrittle- 
although at a consider- 
ably retarded rate compared to specimens directly 
embrittled at 925 F, so that the total embrittlement 
that occurred after 100 hr was considerably le The 
variation in rate and extent of embrittlement for 
high temperature 

that embrittle- 
truc- 


holding time wa 
ment then began to increase, 


pecimens with and without the 
preconditioning treatment intimate 
ment at 925° F ts sensitive to structure; Le, a 
ture containing well developed ferrite grain bound- 
usceptible to embrittlement 
These data appear to be supported by the result re- 
ported by Woodfine on the effect of prolonged tem- 
pering at 1200°F on the subsequent development of 
temper britthen 


The data presented appear to confirm the pro- 


le 


posal that embrittlement proceeds by one mechan- 
ism at 925 F and by a different mechanism at 
1250 F. Low embrittlement occurring 
at 925° F is completely removed by reheating to 
1250 F for very short time entially no 
influence on the subsequent development of em- 
brittlement at 1250°F. Such behavior is 
with either nucleation and growth of a precipitate 
olubility at higher 
olute elements 
and the redis- 
olute elements as numerous well 
develop with pro- 


temperature 
and has e 
consistent 
and it olution with increased 
temperature, or with segregation of 
to prior austenite grain boundari 
tribution of the 
defined ferrite grain boundari« 
longed tempering at higher temperatures 

High temperature embrittlement occurring at 
1250 F appears related to a permanent structural 
change which tis continuous with temperature and 
time. The data show that this structural change, 
which apparently persists, has a significant influence 
upon the rate and extent of subsequent embrittle- 
ment at 925 F. This behavior is consistent with the 
development of well defined ferrite grains at 1250°F, 
their growth with increasing time, and their influ- 
ence upon distribution of a precipitate or segregate 
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upon subsequent reheating at 925 F. The practical 
significance of the preconditioning treatment and 
its influence on reducing subsequent occurrence of 
low temperature embrittlement may find interesting 
applications 

On this basis, retrogression phenomena are not 
necessary to explain the observed behavior relating 
to removal and redevelopment of embrittlement 
heating to 1250°F after embrittlement at 
The data of Jaffe and Buffum’ can be ex- 


upon 
925°F 


plained using the two modes of embrittlement pro- 


posed. Furthermore, the superposition of the two 
modes of embrittlement may account for the dis- 
continuous embrittlement behavior during temper- 
ing or service of alloy constructional steels in the 
temperature range 1050° to 1150°F 

It is also apparent that an essentially unembrittled 
state is most nearly obtained by restricting the tem- 
pering times rather than by quenching from an ele- 
vated tempering temperature. Conventional tem- 
pering treatment to obtain an unembrittled condi- 
tion—-tempering in a furnace for ' to 1 hr at 1200 
to 1250°F—results in a permanent structural change 
which can affect the rate and extent of subsequent 
embrittlement at 925°F. In this connection it is in- 
teresting to note that when specimens embrittled at 
925 °F after preliminary induction tempering (1250°F 
for 5 sec) were reheated to 1250°F for 5 sec, the 
transition temperature returned to a value charac- 
teristic of the unembrittled specimens 
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Uranium-Silicon Alloys 


A tentative U-Si phase diagram was determined by the present authors about 10 years ago. A 
description of the experimental work has not been published in the open literature, although the 
resulting phase diagram did appear in the National Nuclear Energy Series.’ In 1949 Zachariasen’ 
published crystal structure determinations for the U-Si intermetallic compounds and came to the 
conclusion that several of the formulas assigned to the compounds by Kaufmann et al. were in error. 
The purpose of the present paper is to describe the original work done in 1944 and, in particular, to 
discuss some of the properties of one of the intermediate phases, known as «, whose formula is 


approximately U 


by A. Kaufmann, B. Cullity, and G. Bitsianes 


g iscteareg mine the bulk of the phase diagram, tech- 
niques for melting, thermal analysis, heat treat- 
ment, metallography, and X-ray diffraction that 
have already been described were used. It proved 
difficult to get definitive results for most of the alloy 
ystem because of the large number of compounds, 
their high melting points, and their extreme brittle- 
ness which made metallography difficult. The final 
phase diagram, essentially as shown in Fig. 1, was 
issued with considerable trepidation.” The phase 
relationships at the two ends of the system were 
defined with satisfactory accuracy. In the central 
region between U,Si, and USi, there was great un- 
certainty concerning the melting points and even 
the composition of the compounds 

At the uranium end of the system, it is quite clear 
that a eutectic exists at about 985°C and approxi- 
mately 8 or 9 atomic pet Si. The a-to-f transforma- 
not appreciably altered by silicon, but the 
raised to about 795°C 
solubility in y-uranium, 


tion 1 
f-to-y transformation 1s 
There is appreciable solid 
as demonstrated by the micrographs of Fig. 2 

The occurrence of the « phase was not suspected 
at first, since the alloys as melted and furnace cooled 
gave no X-ray diffraction or thermal arrest indica- 
tion of it. However, suitable metallography revealed 
a rim around each of the compound particles as 
shown in Fig. 3. Heat treatment above 600°C re- 
vealed that the rim was another phase which formed 
by peritectoid reaction between uranium and U,Si 
This reaction proceeds slowly and it is difficult to 
get it to go to completion. Consequently, there | 
some uncertainty concerning the exact composition 
of « and the exact peritectoid temperature 

On the basis of various metallurgical studies, it 
was decided that the most probable composition for 
« was about 23 atomic pet Si. Metallographic exam- 
ination shows the closest approach to a single phase 
at this composition. Likewise, density and hardnes 
measurements of heat-treated alloys shown in Fig 
9 and 10 show a change in slope at 23 pet Si. Thi 
is revealed most clearly by plotting the difference in 


hardness or density between chill-cast and heat- 


A. KAUFMANN, Member AIME, is associated with Nuclear 
Metals Inc., Cambridge, Mass; 8. CULLITY, Member AIME, is 
associated with the University of Notre Dame, South Bend, Ind ; 
and G. BITSIANES, Member AIME, is associated with the Univer 
sity of Minnesota, Minneapolis 

TP 4316E. Manuscript, Oct. 14, 1955. Cleveland Meeting, Octo 
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Fig. |—U-Si phase diagram. Symbols represent: open circle, 
thermal arrest obtained on heating; cross, two-phase alloy by 
microscopic examination; filled circle, one-phase alloy by 
microscopic examination; and half-filled circle, « peritectoid 
temperature 
treated alloys as shown in Fig. 4. Zachariasen’ wa 
able to index the diffraction lines of « and to deter- 
mine the arrangement of the atoms in the unit cell 
He concluded that the composition must be U,Si 
However, it is felt that the metallurgical studies are 
reliable and that Zachariasen’s X-ray work does not 
furnish positive proof that the « phase exists exactly 
at the stoichiometric composition U,Si. There are 
many instances in alloy systems where a phase dos 
not occur at the composition dictated by the mole- 
tructure. It is possible that the chemical 
analyses used in the present work were subject to 
ome systematic error. This seems unlikely, how- 
ince recent work in several laboratori ecm 


cular 


ever, 


to show excess compound at 25 atomic pet Si 
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Fig. 2—Solubility series on al 
loy containing 2 atomic pct Si 
Heat-tinted structures. X100. 
Reduced approximately 30 pct 
for reproduction 


a) Normal 2 pet Si cast struc b) Quenched from 980°C and cc) Quenched from 945°C and 
ture Oxidized « uranium with showing nearly all U.Si. in so showing proportion of U,Si. in 
some eutectic of «uranium tution creasing 


and white U.S 


Some difficulty was experienced in determining region. The best guess was that it was U,Si, and 
the peritectoid temperature accurately. Long-time that it formed by a peritectic reaction as shown in 
heating at various temperatures in the peritectoid Fig. 1. Zachariasen verified the existence of a com- 
range seemed to indicate formation and decomposi- pound but decided that it had the molecular formula 


tion of « over a wide temperature interval. It wa 


later discovered that carbon in the alloys changed 
the peritectoid temperature and created a region of Table |. X-Ray Diffraction Pattern of USi 
three-phase equilibrium. The final work was done 
with alloys containing about 0.01 pet C. With thi Relative Intensity® 
material it was found that « began to appear at y ' Observed! Calculated 
about 920 C in alloys containing about 8 pet Si and 
about 940 C in specimens with 27 pet Si. Micro 
eraphs illustrating this are shown in Fig. 5. It wa 
concluded that 930°C was approximately the peri- 
tectoid temperature 

The next compound beyond « was assigned the 296 220 + pad 
formula U Si, as a result of roughly finding the com wit W toM 
position which appeared to be single phase. The ! 
melting point was fixed at 1665 C by a clear-cut 
heat effect. Zachariasen’ carried Gut a structural 
analysi of this compound and decided that the 
formula was U.S... This formula must be accepted 
as correct, since no effort was made in the present 
work to fix the composition closely ae 

The metallurgical examinations of alloys between by 
U.Si, and USi, were unsatisfactory. It was finally 
decided that there were two compound One of 

Simple cubie lattice 4.03A 


these was placed at USi, since metallographic exam Values obtained with CuKa radiatior 
s bols represent: VW, ver weak; W, weak; M, medium; S, 


tremy md VS 


ination indicated roughly one phase at this composi- 
tion a hown in Fig. 6. On the basis of some feeble 
heat effects and the micrograph shown in Fig. 7, it 
was decided that a cutectic existed between U.S: US... He called this 6-USi., since he also found the 
and USi and that the latter probably formed peri US. identified by the present authors. His conclu- 
tectically. Zachariasen was able to determine a ions were based on a crystal-structure analysis 
erystal structure for the compound and he agreed which was not entirely rigorous and it is therefore 

possible to question the correctness of a 8-USi,. The 
work to get a single present studies did not reveal a heat effect below 


that it was USi 


It was not po ible im thi 
phase alloy between USi and USi, and yet it seemed the melting point of the true USi,, such as would be 


clear that there was another compound in thi required by a phase transformation. Also, there was 


a) LEFT: 10 atomic pct Si; eutectic 
resolved and some U,Si. particles in 
eutectic have apparently rimmed 
through. b) RIGHT: 30 atomic pct Si; 
rimming shows clearly with eutectic 
particles of U.Si. having completely 
rimmed through 


Fig. 3—-Microstructures of U-Si alloys Electrolytically etched and heat tinted. X500 
Reduced approximately 25 pct tor reproduction 
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no difficulty in obtaining a single phase alloy at the 
USi, composition. It seems likely, therefore, that 
Zachariasen’s 8 compound, which was compatible 
with a USi, molecule, actually occurs at a composi- 
tion which contains a greater amount of uranium 
Accordingly, this compound is still shown as U,Si 
in Fig. 1. The melting point of the true USi, was 
not accurately determined but was placed at about 
1700°C by means of optical pyrometer readings 

The compound USi, was clearly delineated by the 
present work and its peritectic formation was placed 
at 1510°C by thermal analysis. It was found to have 
the Cu,Au structure as shown by the data in Table I 

A eutectic between USi, and silicon occurs at 
about 87 atomic pct Si, as shown by Fig. 8, and at 
1315 C. The solid solubility of uranium in silicon 
was found to be very small. 

All of the U-Si compounds, other than «, are hope- 
lessly brittle. It was not found that any of them 
have outstanding hardness. Some of the alloys be- 
tween U,Si, and USi, spark very copiously when 
abraded and yet they are stable against atmospheric 
corrosion. They might have value as lighter flint 

The crystal structures, atomic arrangements, and 
X-ray densities for the compounds, other than USi,, 


a) TOP LEFT: Alloy contains 
8.1 atomic pct Si and 0.013 wt 
pet C, and is treated with 
Murakami’s reagent to dis 
tinguish « Annealed 18 hr at 
930°C; uranium and U,Si.. b) 
TOP RIGHT: Alloy contains 8.) 
atomic pct Si and 0.013 wt pct 
C, and is treated with Mura 
kami's reagent to distinguish « 
Annealed 21 hr at 920°C; 
uranium, U,Si., and «. c) BOT 
TOM LEFT: Alloy contains 27.1 
atomic pct Si and 0.009 wt pct 
C. Anncaled 9 hr at 940°C; 
U and USi. d) BOTTOM 
RIGHT: Alloy contains 27.) 
atomic pct Si and 0.009 wt pct 
C. Annealed 18 hr at 930°C; 
U, U,Si., and « 


for reproduction 


cx Bes 


Fig. 6—50 atomic pct Si; massive USi 


Fig. 4—Changes in 
density and hard 
ness resulting from 
epsilonizing cast 
silicon alloys at 
750°C. 0.05 to 0.10 
wt pet C content 
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Zachariasen 


For 


this reason, the 


diffraction data obtained in this work have not been 
reproduced, One interesting conclusion from Zach- 


Fig. 7—45 atomic pct Si; dark U.S). pri 


with some eutectic of USi and dark etch mary with coarse eutectic of U.Si, and 
ing Electrolytic etch X250. Re USi. Electrolytic etch. X100. Reduced 
duced approximately 25 pct for repro approximately 25 pct for reproduction 
duction 
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ariasen’s work was that all the compounds except 


Fig. 5—Micrographs establishing «-peritectoid temperature by anneals of long dura 
tion. Electrolytically etched and heat-tinted X500 


Reduced approximately 25 pet 


Fig. 8—85 atomic pct Si; alloy is practi 


cally 100 pct eutectic with some scattered 
Eutectic is vhite US: 


dendrites of USi 
and gray 4 silicon 


tion 


Unetched. X100 Re 
duced approximately 25 pct for reproduc 
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Fig. 9—Density of 
« alloys (epsilonized 
at 750°C). 0.05 to 
0.10 wt pet C con 
tent 


Fig. |}0—Hardness 
of « alloys (epsilon 
ized at 750°C). 0.05 
to 0.10 wt pet C 
content 


Fig. 11 —Stress 
strain curve (in ten 
tion) of « alloy con 
taining 23 atomic 
pet Si. 005 to 0.10 
wt pct C content 


CAST EPSILON ALLOYS 


0 


STRAIN ¢ (PER CENT) 


Fig 12-—-Stress strain curves (in compression) of « alloys 
Numbers on the curves give the silicon content in atomic 


pet 005 to 0.10 wt pet C content 


Stress for 20% Reduction im Height 


Fig. 13-—Hot com 
pression of « alloy 
containing 23 
atomic pct Si. 0.05 
to 0.10 wt pet C 
content 
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Fig. 14—Thermal 
conductivity of « 
alloys. Numbers on 
the curves give the 
silicon content in 
atomic percent. 0.05 
to 0.10 wt pet C 
content 


CONDUC TivITY 
soc om? *C fom 


THERMAL 


3 


40 
TEMPERATURE 


have covalent bonds between silicon atoms. These 
bonds progress from pairs, to chains, to layers, and 
finally to three-dimensional networks in going from 
U,Si, to USi,. The lack of covalent silicon bonds in 
« probably explains its relatively large ductility 

The « Alloys—The density and hardness of a series 
of alloys as chill cast and after forming « are shown in 
Figs. 9 and 10. It can be seen that « is much softer 
than U,Si,. It is possible to machine « and to turn 
threads on it 

Ductility: The « alloy does not have abundant 
ductility and yet it is not completely brittle. It has 
been given a cold reduction of 20 pet by swaging in 
a copper jacket. There are no data on its reaction 
to cold rolling or other forms of cold deformation 
It can be extruded successfully at 850°C with an 
extrusion constant, K,* of about 45,000 psi. A tensile 

dl K In R, where P is the unit pressure for extrusion and R 

the ratio of the initial to the final cros ectional area 
tress-strain curve for «, formed by heat treatment 
of a casting, is shown in Fig. 11. The plastic de- 
formation was practically zero. It is possible that « 
which has been extruded will show some elongation 
in tension, especially if the test is carefully con- 
ducted. It can be seen from Fig. 12 that « has sub- 
tantial ductility in compression and is very strong 
The variation of compressive strength with tem- 
perature’ is shown in Fig. 13 

Thermal Conductivity: The thermal conductivity 
of « is plotted in Fig. 14. The conductivity is ap- 
proximately 60 pet of that of uranium 

Melting and Casting: It is necessary to pour alloys 
of the « composition from about 1625 C in order to 
insure that no solid phases are present in the liquid 
Even with this precaution, it is difficult to achieve 
a uniformity of silicon content in the casting of 
better than about +0.1 wt pet Si. A graphite crucible 
may be used, but it is necessary to employ berylha 
if contamination with carbon is to be avoided. It is 
desirable to make chill castings in order to minimize 
egregation due to flotation of compound and to 
ensure that the dendrites of compound are small in 
ize. A thick-walled graphite mold appears to be 
ultable for this purpose 

Heat Treatment: It is difficult to get the peri- 
tectoid reaction to go to completion, presumably 
because the rates of diffusion through « are slow 
The process is greatly facilitated by making a chill 
casting so that the U,Si, dendrites are small. The 
rate of formation of « as a function of temperature 
below the peritectoid is shown in Fig. 15. In this 
tudy, hardness was used to measure the initial 
course of the reaction. This technique is not satis- 
factory, however, to prove the completion of the 
reaction. In general, a heat treatment temperature 
of 800°C appears to give satisfactory results. Heat- 
ing times of four to six days are desirable to ensure 
complete epsilonization 

Ternary Alloys: It was found that carbon will 
lower the formation temperature for « and that 
what appears to be a three-phase equilibrium be- 
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Fig. 15—Effect of temperature on the rate of formation of 
«. Chill cast alloy E-11. 20.5 atomic pet Si, 0.05 to 0.10 wt 
pet C 


tween uranium, U,Si,, and « wiil occur over a cer- 
tain range of temperature. These results are plotted 
in Fig. 16. Metallographic observations seemed to 
indicate that carbon could be present in amounts up 
to about 0.1 wt pet before a uranium carbide phase 
would appear. It was not determined whether the 
presence of carbon had any significant effect on the 
physical properties of « 

A number of third elements in amounts from 
1 to 10 atomic pet were alloyed with uranium con- 
taining 15 atomic pet Si. These elements included 
columbium, nickel, iron, beryllium, aluminum, zir- 
conium, and copper. In all cases it appeared that 
the « reaction proceeded in a normal manner. It 
seemed that zirconium and columbium probably 


U + Us Sia 
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Fig. 16—The effect of carbon on «-peritectoid. Silicon held 
constant at 20 atomic pct. 


formed compounds with the silicon, while the other 
additions formed compounds with the uranium 
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Structure of the Transition Phase Omega 


In Ti-Cr Alloys 


Ti-Cr alloys age harden after ({-quenching by formation of an ..-phase. The struc- 
ture and orientation of this transition phase have been determined. The hardness ap 
pears to be caused by strain in the //-matrix produced by concurrent enrichment of 


alloy content in the «.-phase. 


by A. E. Austin and J. R. Doig 
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ARLY studies of age hardening in f-stabilized 
titanium alloys revealed the formation of a 
transition phase named w.’ © This phase was detected 
by X-ray diffraction in binary alloys of Ti-Fe, Ti-Cr, 
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Ti-Mo, Ti Mn, and Ti-Ni 


found to be a 


The w-phase was 
ociated with age hardening and, in 
It exists tem- 
formation of # to the a-plus-f 


leaner alloys, with quench hardening 
porarily during tran 
tute 

tudies have indicated that the formation 
of w out of the #-phase is a diffusion-controlled proc- 
transformation. One 


Previou 


‘ rather than a martensitic 


reason that hardening occurs more 


readily the 


formation to « 


pha ‘ 
lower the quench, so long as the trans- 
uppressed. Furthermore, 
accompanied by an alloy enrichment of the 
which its measurable through 
Further evidence i 
provided by a comparison of the transformation 


w-forma- 
tion 
remaining /i-phase, 
luttice-constant observation 
kinet with diffusion data® for chromium and for 
hown (see Tables IV 
ind V) that the relation between the reaction rates in 
Ti-# pet Cr alloy at 800° and 700°F (426° and 371°C) 
is Consistent in order of magnitude with the activa- 


iron in #-titanium. It can be 


tion energy for diffusion of chromium and of iron 
extrapolation of the diffusion 
data to w-forming temperatures shows that the ratio 
of the diffusion constants at 800 F relative to 700° F 
hould be 4.0 for Ti-Cr and 6.0 for Ti-Fe. The ratio 
of times for equal aging at 700°F relative to 800°F 

6 for Ti-# pet Cr and 6 for Ti-4 pet Fe, which 
ayvreement within order of magnitude In 


in fi-titanium. The 


sate 
order to understand the mechanism of w#-formation 
the tructure and orentation relationship with the 
parent f-phase were studied 


Experimental 
rains of an 86.10 wt pet Cr alloy of tita- 
nium were obtained by heating high purity sheet in 
(1315 C) and 
cooling The coarse-grained heet wa 


vacuum for 4 hr or more at 2400°f 
furnace 
ealed in capsules and given a # solution treatment 
md quenched. Single awed out and 
etched down to about 0.4 mm diam in a 


grains were 
olution of 
approximately 50 parts nitrie acid, 15 parts acetic 
hydrofluoric acid. In order to elimi- 
train the extracted 
olution heating in 


each 


acid, and 4 part 
nate hydrides and mechanical 
i-prains were given anothet 
vacuum and To accomplish § thi 
vrain was heated in a bell jar on a 5-mil strip of 
tungsten clamped between water-cooled electrical 
Treatment was for 10 min at 
975 to 1050°C, as measured by optical pyrometer, 
ina vacuum of 5x10° mm Hg. Because of the prox- 
water-cooled leads, the specimen was 
rapidly cooled in situ when power was cut off 
Rotation and Weissenberg X-ray diffraction 
were taken with 24-hr exposure to un- 
chosen 


leads ‘4 in. apart 


imuty of the 


photograph 
filtered copper radiation. The rotation axes 
were [110] and [111] of & Weissenberg photograph 
were obtained from the zero to fifth-laver lines for 
the [LILO] rotation axis, and from the zero-laye 
line for the [LL1] rotation axis. The 
the reflections were estimated visually 
vrain was examined after successive aging 
of ts and 1 hr at 700° F (370°C) and 1 and 5 

#00 F (425 C) 


intensitve of 


Results 

The quenched f#-grain of Ti-8.10 wt pet Cr 
howed diffuse, faint, extra reflections of », in addi- 
tion to the trong reflections of 8. Streaking of the 
reflections was not observed, however. Evidently 
the quench was not rapid enough to completely sup- 
aring 


pre w-formation. As progressed, the @- 
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reflections increased and those of 8 decreased in in- 
tensity. The rotation and Weissenberg photographs 
indicated that the w-phase was cubic with unit-cell 
dimension of 9.80A, approximately three times that 
of the original quenched £, 3.25A, at this composi- 
tion. Thus the unit cell of » is composed of 27 unit 
cells similar to £. The w-phase had the same orienta- 
tion as the 8; that is, the [100] directions in w were 
parallel with the [100] directions in £.* 


* These data were used in report on Mechanics of the Age-Hard 


Titanium Alloys by P. D. Frost and ¢ M 


Process im 
chwartz 
Only those reflections of » were observed the sum 
of whose indexes (h + k + l) were even. This space- 
group criterion is that of a body-centered lattice 
The symmetry of the reciprocal-lattice levels for 
the [110] axis showed a point-group projection 
ymmetry of 2 mm. These criteria limited the choice 
of possible space groups to I , I and I In 


order to choose among these, intensity calculations 
were made using a range of possible atomic positions 
limited by geometrical considerations of known in- 
teratomic distances. Best agreement between ob- 
erved and calculated intensities was obtained in the 
case of parameters based on the choice of space 


yroup I for a unit cell of 54 atoms. The choice of 


equivalent positions and parameters are given in 
Table |. Table II compares the observed intensities 
and calculated F *. The other space groups did not 
ufficient choice of parameters to give struc- 
showing satisfactory agreement with 


allow 
ture factors 
observed intensities 

During formation of w» at 800°F, the unit-cell 
dimension of 8-phase is decreased from 3.250+0.003 
to 3.213+0.003A. This indicates enrichment of 
chromium in f#-phase up to 18 wt pet maximum, 
according to data on variation of cell size with 
chromium content. Since w is a transition structure 
and coexists with the enriched 8, the chromium con- 
tent of » must be much smaller than the initial 8 pet 
of the alloy. A decrease to about 4 wt pet Cr in o 
would give about two chromium atoms in the unit 


cell of 54 


Table | Equivalent Positions and Parameters of Structure of 


Number and 
Equivalent 
Position 


Coordinates 


Parameters 


0.0.0 0 
0.158 
0.170 
0.340 
0.320 
0.020 


It was not possible to fix the chromium atoms on one 
et of equivalent positions. The positions of atoms in 
the w-structure are such that there are small displace- 
ments from the positions in a triple body-centered 
cell of f-titanium having random distribution of 
titanium and chromium atoms. The displacements 
are about 0.15A and are mainly along [111] axes 
Thus of eight nearest atoms about the corner or the 
center, four move closer and four move outward 
The corners and center of the tripled cell form the 
set of two equivalent positions. Since chromium has 
a smaller radius than titanium, a possible explana- 
tion of such displacements is that the chromium 
atoms prefer to occupy these two equivalent posi- 
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Table Il. Comparison of the Calculated Structure Factors and the Observed Relative Intensities of Reflections 
For the Proposed « Structure 


Structure 
Factor, 


Structure 
Factor, 


Observed 
Intensity* 


Observed 
Intensity* 


2.0 
400.0 


vvi 


* Abbreviations represent 


Index, 


strong; m, medium; f, faint; and v, very 


Structure 
Factor, 
Fextoe 


Structure 
Factor, 
hkl 


Observed 
Intensity* 


Observed 
Intensity* 


tions and thus give a close approach of four titanium 
atoms to chromium. Therefore, from consideration 
of the equivalent positions, atom radii, and de- 
creased chromium content, it appears reasonable to 
conjecture that the w-structure tends to have two 
chromium atoms in the corner and center positions 

This structure is somewhat similar to that of y- 
brass, which has 52 atoms, with corner and cente! 
atoms absent. The displacement of atoms is consid- 
erably greater in y-brass than found for w. The pos- 
sibility of a 52-atom cell was considered. However, 
density data have indicated that # would need to 
have 54 atoms 

The measured decrease in cell size of B in the alloy 
aged 8 hr at 800° F would give a calculated density 
for B-phase of 4.85 g per cu cm. The density of 
w-phase would be 4.62 g per cu cm for a 54-atom 
cell containing two chromium atoms and 4.59 g pet 
cu cm for an all-titanium cell. w-phase with a 52- 
atom cell would have a density of 4.41 g per cu cm. 
The density of pure w-phase could not be obtained 
because it has not been possible to produce an all- 
w» sample. However, calculation of density for a pf 
plus w-phase alloy indicated a density increase from 


Table II. Measured Density of Titanium Alloys 


Density,* 
G per CaCm 


Composition, 


Wt Pet Heat Treatment 


4.684 at 70.2°F 
4.763 at 71.2°F 


ylution treated hr at 1700°F 
olution treated ‘y hr at 1700°F 
aged 8 hr at 800°F 


Ti-8 Cr 
Ti-8 Cr 


* Precision of density is +0.1 pet 


that of quenched £-phase for a 54-atom w-cell co- 
existing with an enriched £-phase, but a density de- 
crease for an alloy having a 52-atom w-cell plus 
enriched 

The equation for calculating the density of a f-o- 
phase mixture was derived as follows: 

The lattice-constant data on £ show a linear 
change up to 20 atomic pet Cr. The calculated den- 
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sity of 8 would, therefore, also be linear and is given 
by p, 4.49 4+ 2 (atomic fraction chromium in 
Assuming constant composition of » with a chro- 
mium concentration of 3.7 atomic pet, the density 
of » was calculated to be 4.62. If in the partially 
transformed specimen the fraction of » is denoted 
as X, the fraction of f is then 1 X. The total 
atomic percentage of chromium may be denoted as 
K. Then the chromium portion of the specimen in w 
is 0.037X, and that in £ is K — 0.037X. The concen 
tration of chromitm in B is (K — 0.037X)/(1 — X). 


‘ 


Table IV Comparison of Reaction Times at 800° and 700°F tor 
Comparable «) Formation with Respective Diffusion Constants 


Aging Time for Equal and Enriched Development 


Alloy, Wt Pet Temperature, °F Time, Hr 


800 
800 
700 


For the 8 wt pet Cr alloy K 0.075. Then density 


of enriched £ is given by 
P ( 0.075 — 
44942 ) 
Assuming that the mean density is linear, then 
Peper ioe Xp ( Pe 
or 
0.075 — 0.037X 
462X + X)] 449 ) 
] X 
p 464 4+ 0.056X 


Similarly, for the assumption of a defect structure 
of a 52-atom cell, the same a , the density of 
w is 4.41. Then the mean density is given by 


4aix [ 4.4% 0.075  O.037X% )| 


y-bra 


464—0.13X 


on quenched and aged al- 
The density cal- 


Density measurement 
loys gave the results in Table III 
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: 
200 570 0.7 662 235 o3 
400 590 604 237 
600 vvs 680 18 666 4 vvs 239 17 
800 5.5 6,10,0 10 668 246 
10.0.0 22 790 06 772 mf 248 3.2 
110 112 00 774 m 2.4.10 156 mf 
220 0.0 114 15.3 mf 776 257 16 
0 620.0 vvs 116 vi 259 
0 2.6 118 47 vvi 484 2.5.11 71 vi 
50 1,1,10 18.2 mf 123 208 09 
660 224.0 222 129 125 vvi 279 16 
770 45 224 02 127 vt $45 2.3 
480 16 226 05 129 0 147 44 
130 03 228 11.1 134 10 
150 19 2,2,10 i99 vi 136 0 156 2.1 
170 23 332 06 138 02 58 1s 
190 334 15 1.3,10 1,5,10 ia 
240 02 356 290.0 145 467 os 
260 0.0 338 a4 26.5 m 116.5 
280 03 $,3,10 16 149 
2,10,0 1.9 442 a8 f 156 vt 
to) 46 444 $3.5 m 158 9.2 459 on 
20 446 16 1,5,10 7.7 vei 468 on 
$90 173.0 vs 446 1.3 167 16 479 25 
29 44,10 32.3 m 169 43 
480 00 552 14.8 178 15 
4,100 44 554 3.0 1,7,10 200 m 
556 08 
558 12.2 = 
Katlo 
Ti-# Cr 
Ti-8 Cr 
Ti-4 Fe 4 6 
Ti-4 Fe 


culated from the lattice parameter for the #-phase 
of Ti-8 wt pet Cr was 4.64, which is about 1 pct le 

increased density 
with aging to a pB plus » alloy agrees with the pre- 
diction for a 54-atom w-cell rather than a 52-atom 
cell of y-brass type. The measured density again 
to be about 1 pet greater than that calcu- 
The bulk alloy used 
ponge 


than measured. The observed 


lated from the cell dimension 
for density measurements was made from 
metal and therefore contained more impurities than 
iodide metal used for structure studi The impunm- 
ties could increase the density 

tal of Ti-8 pet Cr wa uccessively 
Aging for % hr at 700°F in 

creased the intensity and sharpne of w-reflection 

Further heating for 1 hr at 700°F caused a marked 


with a corre- 


The single ery 


aved and examined 


decrease in intensity of f-reflections, 
trengthening of w». The next aging treat- 
carried out at 800 F to hasten the aging 


treaking of A-reflection 


ponding 
ment wa 
After 1 hr at 800°F, diffuse 


Table V Diffusion Rates of Chromium and of tron in (Titanium 
at 800° and 700°F Obtained by Extrapolation 


Tempera fal 
Alley ture culated 
System see ‘ ‘ Katio 


16x10 
29.000 5x10 


22.000 


remained relative- 
B-reflections wa 


appeared, while the w-reflection 
ly harp. The treaking of the 
examined in detail by taking longer exposure: 

both Weissenberg oscillation pattern The 
treaking was prominent in the [100] direction for 
the (200) reflection. The (110), (200), and (112) 
reflections also were diffuse in [100], [010], and 
[O01] direetion There was apparently no streak- 
ing from (200) reflections in the [010] or [001] 
the w» and 8 are coherent 
treaking is inter- 


directions. This indicate 
across cube face The diffuse 
preted as the result of directional 
of the #-crystal adjacent to the w-crystal. Thus, in 
[100] directions in #@ normal to the coherent cube 
local contraction of the A-lattice with 


train in regions 


face there 
enrichment of chromium. This directional contrac- 
tion of the #-lattice and tendency for coherency 
train in the BB which 


during 


aero cube faces produce 
would contribute toward tncreasing hardness 
From the development of strain in the £- 
lattice during aging, it is clear that in the as- 
pecimen, where no diffuse streaking | 


tructures are fully coherent 


quenched 
observed, the and 
without strain. This may indicate a small amount of 

with little enrichment of the # or else that the 
initial » has an alloy content comparable to 8 and 


there has been little diffusion 


Upon further aging for 5 hr at 800°F, the w-reflec- 
tions remained strong and the £-reflections became 
eparated from those of w», with diffuse streaking 
evident in [100] directions. Also there appeared 
faint (11-0) and (00-2) reflections of a-titanium 
The (11-0) a-reflection was oriented parallel to 
the (444) w-reflection; thus the (11-0) a-planes are 
parallel to (444) » and (111) f-planes. Also the 
(00-2) a-reflection was parallel to the (110) £6 o1 
(330) », or both. The (00-2) a-reflection showed 
diffuse streaking parallel to the (110) £. Since the 
» and #-structures are oriented the same, the orien- 
tation of « does not indicate whether it forms from 
the » or #-phases. The observed orientation is the 
ame as that reported for the B-to-a transformation 


Conclusions 

Age hardening of B-quenched Ti-Cr alloys pro- 
ceeds through several steps. The first is the precipi- 
tation of w-phase. This phase is a body-centered- 
cubic structure, triple the size of #-titanium. It is 
oriented on #-phase with [100] directions parallel. 
As aging proceeds, the amount of w-phase increases 
concurrent with enrichment of the alloy content of 
the #-phase. This growth of w» and #-enrichment 
produces directional strains in the #-phase. These 
trains can cause continued hardening. With further 
aging a-titanium phase is formed. The a-phase is 
oriented with the 8 and w-phases, in the same man- 
ner as in the martensitic formation of a from £B 
That is, the (00-2) a-planes are parallel to (110) 
8 and w» and (11-0) a is parallel to (111) £8 or @ 
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NDIUM antimonide has the zincblende structure 
A possible defect that does not disturb the indium 
tetrahedron surrounding any antimony atom in this 
lattice (or vice versa) is obtained when neighboring 
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Fig. 1—Top and side surfaces of etched InSb specimen 
marked as explained in the text. X7. Reduced approximately 
35 pct for reproduction 


InSb tetrahedra are rotated about their connecting 
bond (in the 11] direction) by 60°, Le, are 
twinned.'* The twin boundary plane should then be 
parallel to a {111} plane. Since the nearest and sec- 
ond nearest neighbors are at their normal distances, 
the twin boundary energy should be small and 
growth twins frequent 

The end piece of one pyramid-shaped single crys- 
tal drawn from the melt* revealed, on etching,? a 


wk of the Chicago Midway Laboratories 


The etch consisted of 2 HNO,, 1 HCl, and a few drops of HF 2 
HO 
variety of growth twins and boundary orientations 

Fig. 1 shows the crystal studied, with its polished 
surfaces denoted a, b, and c. (The planes a and b 
form an angle of 70° with each other, a and ¢ an 
angle of 82°, and b and ¢ an angle of 61°.) Laue 
back-reflection photographs were taken across sev- 
eral twin boundaries. Spots of characteristic shape 
permitted identification of component orientations 

The orientation relationships determined — by 
X-rays, together with the angles measured between 
the surface traces in the planes a, b, and c, led to the 
following description of the structure shown in Fig 
1: The area M of surface a has nearly a {011}; orien- 
tation. The A, B, and C areas are twins with respect 
to three different <111> directions in M. The bound- 
aries 1, 2, and 3 are surface traces of the correspond- 
ing {111} planes in the planes a, b, and c. The inter- 
face that makes the trace No. 6 in the surfaces 
b and ¢ is parallel to the {011} plane and the shal- 
low twin area A is nearly parallel to the surface a 
Some other lateral boundaries (incoherent bound- 
aries) are short and their orientations difficult to 
determine; the interfaces corresponding to the trace 
No. 4 and No. 5 could be parallel to {012} but not 
to {011} or {112}. In all cases the relationship be- 
tween a twin and the matrix M agreed with the 
expected 60° rotation about a < 111 direction 

An interesting situation sometimes occurs when 
two different twins of the same matrix meet each 
other. In the region where contact between them 
must occur, one of the lamellae is found to have a 
doubly twinned relationship with respect to the 
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Fig. 2—Model showing a (111) twin boundary in InSb as 
seen looking along a - 110 - direction in the twin plane 


matrix. This corresponds to an additional rotation 
by 60°, about one of the 11] directions of the 
primary twin. Hence, in Fig. 1, the areas I and II 
are twins to twin A, and second-order twins to M 
Area III is a twin with respect to twin B, and IV a 
twin with respect to twin C. In this manner the twins 
A, B, and C avoid direct contact with one anothe 
Fig. 2 shows a {111} boundary of a twin corre- 
sponding to a rotation about the <11li-» axis. The 


atomic fit across the boundary is evidently perfect 


It can be seen that the twinning process could also 
be described by a reflection in a {111} plane drawn 
through the middle of the connecting bonds, pro- 
vided that the indium and antimony atoms are inter- 
changed in the twin. The question arises, what other 
types of interfaces can bound a twin”? Besides the 
large {011} interface found in InSb, {112} boundaries 


have been observed in silicon,’ while for diamond 
and germanium only the {111} interfaces are re- 
ported, The latter are the preferred twin boundaries 
Boundary planes 
with respect 


in all diamond-cubic structure 
which have the same type of indice 
to the matrix and the twin should be favored be- 
cause then the atom density of the boundary ts 
the same in both. In cubic crystals this happens for 
certain {O11}, {112}, {012} planes, and 
of higher indices. Even then the disposition of 
atoms in the boundary may differ with respect to 
the two lattices. Thus, in a good twin boundary, 
atoms should fill only coincidence sites for both lat- 
tices. Following this line of argument the analysis 
of Ellis and Treuting® for the face-centered-cubic 
lattice shows that the {112} boundary should be 
omewhat preferred to the {011} boundary, How- 
in these boundaries that ap- 


some planes 


ever, there are atom 
proach each other 40 pet closer than they do nor- 
mally. In the diamond-cubic lattice, this compression 
across a lateral boundary is an order of magnitude 
maller, while the condition of coincidence of sites 
is replaced by a stronger one, that of preservation of 
the tetrahedral arrangement of the atoms in the 
boundary. Models similar to that in Fig. 2 show that 
neither {112} nor {011} boundaries satisfy this con- 
dition. In the {112} boundary, one third of the 
atoms have five neighbors instead of four, another 
third have only three, and the remainder, four, but 
partially of the like kind (In-In bonds). In the 
110} case, all atoms have the right number of 
neighbors but still not in the right positions, and one 
third have bonds of the wrong kind (In-In bonds) 

In conclusion, lateral or incoherent boundaries in 
the diamond-cubic type of structure are regions of 
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— 


distortion, and they may well 
emiconductivity. They may be expected 
type, rather than {112 


expected in face-centered- 


high, hort 
affect the 
to be of the O11 
to the boundary type 


, in contrast 


cubic crystal 
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ried out 


Investigation of the Effects of Solutes On 


An experimental investigation of grain boundary stress relaxation in copper binary alloys with 
nickel, silicon, aluminum, and silver comprising the range 0.03 to 1 atomic pct solute has been car- 
Two stress relaxation peaks of grain boundary origin have been ascertained and studied. 


The Grain Boundary Stress Relaxation Phenomenon 


The energy of activation and peak temperature for both peaks have been determined as functions 
of solute content and type of solute. It is suggested that this technique can be used as a measure 
of adsorbability of solute at grain boundaries as a consequence of the saturation effects observed 


RAIN boundary stre relaxation has been the 

ubject of 
but as yet the phenomenon is not well understood 
One of the mayor difficultse has been the lack of a 
uflicient amount of data with which to evaluate any 


available 


everal investigations in recent yea! 


proposed mechanism, Little information 1 
effect of small amounts of substitutional 
olutes on grain boundary stress relaxation. It | 
with this important phase of the problem that this 


investigation 


on the 


concerned 
ubstitutional solutes on grain 


been recently inve 


The influence of 
boundary stre relaxation ha 
tigated in copper by Pearson,’ and in aluminum by 
tudied the effect of zine 
vermanium, and arsenic on the relaxation 
pure OFHC copper 


Dorn et al Pearson 
vallium 
peak of OFHC copper." The 


* Pearson also performed an investigation of the effects of solutes 
the 4 ' bound tre relaxation it ilver but the result 
te obtained for copper md hence will not be 
i ‘ 


(99.985 pet) exhibited a grain boundary internal 
friction peak at 300°C at a frequency of 1 cycle per 
ec and the activation energy calculated from the 
lateral shift of the curve with frequency was 33,000 


cal per mol. The addition of the alloying element 
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in the measured properties in the vicinity of 0.1 atomic pct solute. 


by S. Weinig and E. S. Machlin 


decreased the peak intensity and a second peak ap- 
peared at a higher temperature. This latter peak 
was termed the alloy grain boundary peak. At the 
lowest binary concentration studied, approximately 
1 atomic pet, the primary peak was almost com- 
pletely obliterated. Pearson found that the activa- 
tion energy calculated from the alloy grain boundary 
peak for all solutes, irrespective of the concentra- 
tion, was 44,000 cal per mol. Pearson concluded that 
the increase in activation energy from 33 to 44 keal 
per mol is not continuous but abruptly changes from 
the lower to the higher value. As no attempt was 
made to investigate the intermediate range of con- 
centration and hence calculate the possible varia- 
tion of the activation energy for the initial grain 
boundary peak, this conclusion is hardly valid 

In contrast to these results, Dorn et al. studied the 
effect of zinc, silver, copper, germanium, and mag- 
nesium on the grain boundary stress relaxation of 
aluminum. No change in the energy of activation 
was observed for binary alloys of the first four 
solutes, but a linear increase was found for increas- 
ing concentration of magnesium. Saturation was not 
found up to the maximum of 1.6 atomic pet. The 
energies of activation were obtained by plotting the 
horizontal displacement of the dynamic modulus 
curve vs temperature for two vibrational frequencies 
As the modulus is proportional to the square of the 
frequency, this requires the measurement of the 
torsional frequency over a range of temperature 
However, the technique does not lead to an un- 


ambiguous interpretation of the grain boundary 
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Fig. 1—Variation of internal friction with temperature for a 
99.999 pct Cu specimen for three successive cycles of meas 
urement 


stress relaxation. The logarithmic decrement curve is 
proportional to the derivative of the dynamic modu- 
lus curve and hence is more sensitive than the latte: 
This lack of sensitivity in the dynamic modulu 
curve suffices to obscure the existence of two peaks 

Further evidence of a two-peak phenomenon i 
found in the results of Ke on the effect of bismuth 
in copper He found that, as bismuth is added to 
the copper, the grain boundary stress relaxation 
peak is diminished and a second internal friction 
peak is observed which increases in magnitude with 
increased bismuth content. These experiments were 
performed after a 4e-hr anneal at 550°C: however, 
if the specimens are annealed at 750°C and rapidly 
cooled, the bismuth peak disappears. As the heat 
treatment probably distributes the bismuth homo- 
pecimen, the appearance 


ociated with the segre- 


geneously throughout the 
of the solute peak must be as 
gation of bismuth atoms at the grain interfaces. The 
solute concentrations that were reported by Ke 
ranged from just below the solubility limit to value 
in excess of it. The bismuth peak may therefore be 
due to the precipitation of a second phase at the 
grain boundarie Unfortunately no measurement! 
were made of the energy of activation for the variou 
bismuth additions employed 

In attempting to correlate the investigations men- 


tioned previously of the effect of substitutional 
solute 
inconsistencies are noted which are impossible to 
resolve because of insufficient data. Some of the 


points that require clarification for an understand- 


on grain boundary stress relaxation, certain 


ing of the phenomenon are as follows 

1) Is the manifestation of a solute peak neces- 
sarily associated with the adsorption of the alloying 
elements at the grain boundaries”? 

2) Does the activation energy have a 
value for the solvent grain boundary peak and a 
unique value for the solute peak? 

3) Is the grain boundary resistance to shear a 


unique 
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Fig. 2—Variation of internal friction with temperature for 
an OFHC copper specimen for two successive cycles of 
measurement 


function of the amount and species of solute atoms 
adsorbed at the interfaces? 

4) Is the grain boundary adsorption independent 
of the particular solute element and, if not, what 
influence the grain boundary 


factors depgree of 
adsorption’ 

Utilizing these questions as a guide, a systematic 
investigation of the effect of solutes upon the grain 
boundary stress relaxation phenomenon was under- 
taken in which very small amounts of alloying addi- 
were used and measurement: 
dissipation and the dynamic modulus 


tion: made of both 


the energy 
over a temperature range 


Specimen Preparation 
Copper was chosen as the solvent metal because 
considerable information available on the 
Five Ib of high 
purity (99.999 pet) copper were obtained from the 
American Smelting & Refining Co 


there i 


effects of alloying elements therein 


Spectrographic Analysis of High Purity Copper After 
Vacuum Melting 


Table | 


Keerystallized 
Alumina Crucible 


( oarse 
Alundum Crucible 


Maximom 
Percentage 


Maximum 


Flement Percentage Blement 


000% he O001 
0002 Pb 0002 
0 00005 0000) 


In order to establish the efficacy of high vacuum 
melting as a means of alloy preparation without 
contamination and further to determine the type 
of crucible that would be nonreactive, two test 
ingots were prepared. These 
melted in a Lepel high frequency 
furnace in which the vacuum wa 
1x10°> mm Hg during both the heating and cooling 


50-g specimens were 
vacuum melting 


maintained at 
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Fig 3--Variation of internal friction with temperature for 
a 003 atomic pct Cu Al alloy 


evel Coarse Alundum and recrystallized alumina 
erucibie were used to contain the melt The spec- 
trovraphie analyses of the re hown 
in Table I. It is observed that for neither 

the impurity ubsequent to vacuum melt- 
r ullicrently high to destroy the initial 99.999 pet 
although the reerystallized alumina crucible 
does produce a slightly puret 

As a final step in the 
for the investigation, it wa 


ultant ingots are 
pecimen 


content 


purity 
ample 

preparation of wire speci 
mien deemed advisabk 


to ascertain the amount of impurity, if any, that 
would be introduced during the mechanical forming 
proce A 100 
Wil waned and then drawn through diamond die 
to an OO40-in were 


performed at room temperature 


pecimen of the high purity Coppel 
diam wire These operation 
without any inter 
The a 


mechanical 


mediate annealing of the material received 


rod was 0.362 in. diam and hence the 


Table 11 Composition and Chemical Analysis of Alloys 


Wt Pet by 
Analysis 


Nominal 
Wt et 


Nominal 
Ntemic Pet 


Nileving 
tlement 


constituted a reduction in area of upproxi- 


99 pet. A spectrographic analysis was pet 
formed on the resultant wire and compared to a 
ine spectrum of the original 99.999 pet Cu. It wa 
found that when the 
prior to iron line 


(Spectrographic sensitivity of tron is 0.001 


ample was washed in acetone 
erved in the 


were ob 


pectrum 
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Fig. 4—Variation of internal friction with temperature for a 
0.80 atomic pct Cu-Al alloy 


pet.) However, if the specimen was first carefully 
washed in a 50 pet solution of HCI, followed by an 
acetone rinse, the analysis revealed 99.999 pet pur- 
ity. A slight surface contamination of the wire 
probably occurred during the swaging operation, 
but by careful washing of the specimen in acid 
prior to testing, the samples will have a minimum 
purity of 99.999 pet 

The alloy 


mentioned 


was prepared utilizing the pre- 
procedure of vacuum melting 
The solutes were of the 


viously 
and specimen preparation 
highest purity obtainable and 
were performed on certain of the alloys to deter- 
there were appreciable losses during the 
melting procedure. Table II gives the nominal com- 
position of the alloy series as well as the results of 


chemical analyses 


mine if 


the analyses 


Experimental Procedure 


The high vacuum torsion pendulum used in this 
investigation has been previously described in the 
literature With this apparatus it is possible to 
perform an internal friction study of a single wire 
without any handling of the specimen or exposure 
to atmosphere from a time prior to annealing until 
completion of the test 

Amplitude decay measurements were made on a 
galvanometer scale utilizing an 18-ft optical lever 
arm. The shear strain at the surface of the speci- 
men was less than 5x10“ for the maximum ampli- 
tude of displacement. The studies were carried out 
by first raising the temperature in the furnace to 
the desired maximum and then making measure- 
the temperature was lowered. This method 
than an increasing temperature, 
ince equilibration of the specimen and furnace 
reached more rapidly. Readings 
were taken every fifth cycle and three measure- 
ments were made at each temperature. If the decay 
to 1/n of the initial value is considered, the loga- 


ments a 
Wa used rather 


temperatures 1s 
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Fig. 5—Variation of internal friction with temperature for a 
0.06 atomic pct Cu-Si alloy 


rithmic decrement may be calculated from the 
formula 
Inn Inn 
In decrement [1] 


5 
At each temperature, separate frequency measure- 
ments were made with an electrical timer which 
read to 0.01 sec 
The energy of activation may be calculated by 
making use of the following equation 


R In w,/w, 
H [2] 
1/T 1/T 
where w, and w, are the operational frequencic 
and T, and T, the respective peak temperatures fo 
these frequencies. It can be shown that if the in- 
ternal friction is plotted vs the reciprocal temper- 
ature of measurement for two different vibrational 
then a horizontal displacement should 
uperimpose the two curves if the phenomenon i 
controlled by a single activation energy. In general, 
a simple horizontal shift of the curves will not align 
them perfectly on both the high and low tempera- 
ture sides of the maximum. The reason for this di 


frequencies, 


crepancy is that the relaxation spectrum which i 
empirically obtained is the summation of more than 
one component of energy dissipation. For a single 
relaxation peak there are two components, namely, 
the specific peak and the background internal fric- 
tion. As the background internal friction increass 
with an increase in measuring temperature, it 
effect is 
of the peak. The curve below the peak | 


relaxation, 


more evident on the high temperature side 
mainly 
governed by the grain boundary stre 
and therefore all of the energies of activation have 
been calculated from the displacement required to 
align the low temperature side of the internal fric- 
tion peak The 
agreement with the 


value © obtained are in good 
values of the energy of act 

vation calculated from the relative positions of the 
modulu 


inflection points in the dynami against 


temperature curve 


TRANSACTIONS AIME 


DECREMENT 


LOGARITHMIC 


4 


TEMPERATURE 


Fig. 6—Variation of internal friction with temperature for a 
0.80 atomic pct Cu-Si alloy 


Grain size determinations were made for each 
wire upon completion of the test. The metallo- 
graphic appearance of the specimen is that typical of 
copper with numerous annealing twins. No evidence 
of a second phase was observed for any of the bi- 


nary alloys studied 


Experimental Results 


A specimen of 99.999 pet Cu wire 
carefully washed in HCI and 
Five 


Pure Copper 
of 30-mil diam wa 
then annealed in situ for 2 hr at 600°C 
ecutive cycles of measurement were performed on 
the specimen from 550°C to room temperature, The 
first three runs were made at a frequency of 1.2 
cycles per sec and the latter two at 0.4 cycles per sec 
A grain boundary stress relaxation peak was ob 
erved at approximately 365°C at a frequency of 

2 cycles per sec. It was found that both the peak 
decrement and the background internal friction de 
creased after each successive cycle of measurement 
In Fig. 1 the logarithmic decrement is plotted yv 
temperature for the series of measurements at 1.2 
cycles per sec, An activation energy for the phe 
nomenon was calculated from the horizontal di 
placement of the peak with a variation in fre 
quency. The resultant value is 40,000 * 2,000 cal 
per mol. This value of the energy of activation wa 
corroborated by measuring the lateral shift of the 
ratio vs temperature, in’ which 
indicative of the energy dis- 


curve of modulu 
the inflection point 1 
ipation maximum 


where (, is the dynamic 


relaxed or room temperature modulu 


Saturation of the peak decrement decrease re- 
ferred to previously could be obtained by annealing 
for 3 hr at 600°C. After the first cycle of mea 
urement, which resulted in a lower maximum for 
the curve than the initial run of the previously 
mentioned 99.999 pct Cu specimen, the wire wa 
reheated to 600 C for 1% hr and then retested 
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Effect of silicon content on the relaxation spectrum 
of 99.999 pct Cu 


Fig. 9—Effect of 
grain size on inter 
nal friction in a 0.80 
atomic pct Cu Si 
alloy 


observed that the plot of internal friction 
reproduced itself within experi- 


It wa 
temperature 
mental error 


An OFHC copper specimen was prepared and a 


imilar set of studies was performed in order to 
ascertain whether the monotonic decrease in the 
decrement with successive series of measurements 


would be manifested in a specimen of lesser purity 
The results of the first three runs at the high fre- 
quency are illustrated in Fig. 2. It is noted that the 
magnitude of neither the peak nor the background 
after successive runs. The activation 
energy was calculated to be 33,000 + 2,000 cal per 
mol and the temperature of the peak was approx- 
imately 300°C at a vibrational frequency of about 
1.2 per sec. The magnitude of the peak maxi- 
mum is considerably lower for the OFHC 
than for the 99.999 pet Cu 


decreased 


cycle 


coppel 


The results for both the OFHC and 99.999 pct 
Cu specimens were carefully checked by perform- 
ing identical tests on separate wires cut from the 


ame It was found that the data could be re- 
produced within the experimental error. Table III 
contains the tabulated data for both the OFHC and 
99.999 pet Cu specimens. 

Cu-Al and Cu-Si Alloys—-Internal! friction studies 
were made on the Cu-Si and Cu-Al alloys listed in 
Table Il. The pretesting procedure employed for 
all of the specimens was identical and consisted of 
washing in a 50 pet HCI solution, insertion in the 
2-hr anneal in situ at 
cycles of measurement 


pr 


apparatus, followed by a 
600 C. Three successive 
were performed from the annealing temperature to 
room temperature at approximately 1 cycle per sec 
The natural frequency of vibration of the inertia 
bar was then changed by dropping the preset 
weights onto the auxiliary member. The specimens 
were heated for % hr at 575°C and subsequently 


Table tit. Tabulation of Experimental Results for 99.999 Pct and 
OFHC Copper 
Peak Tem.- Corrected 
perature. Peak Tem 
(,atie perature Activation 
Grain Size, Cyeles per 006 Mm Energy. 
Copper Mm See, 75°C Grain Site Cal per Mol 
99 999 pet 009 to O11 167 160 40,000 * 2.000 
OFHE 0.05 to 0.07 00 33,000 * 2,000 


tested three successive times at a frequency of 


ap- 
proximately 0.4 cycles per sec. It was generally 
found that the first cycle of measurement resulted 
in a curve which was slightly higher than obtained 


in the subsequent studies. The latter were repro- 
ducible within the experimental accuracy. Typical 
variation of the logarithmic decrement with tem- 


these binary alloys is shown in Figs 
The primary data are given in ref. 6 
noted that for the sake of clarity only 
many data points measured are shown 


perature fol 
3 through 6 
It should be 
a few of the 
on the figures. Consequently, the uncertainty is much 
apparent from the figures 

The effects of the additions of aluminum 
ilicon on the observed relaxation 
observed to be qualitatively the same in the super- 
posed curves of Figs. 7 and 8. As the percentage of 
alloying element is increased, the grain boundary 
stress relaxation peak which is manifested at ap- 
the 99.999 pct Cu is sup- 


less than is 
and 


spectrum were 


proximately 360° C for 
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Fig. 10—Variction of internal friction with temperature for 
a 0.05 atomic pct Cu-Ni alloy. 


pressed until it is completely eliminated at alloy 
contents in excess of 0.1 atomic pet. Concomitant 
with the gradual disappearance of the initial peak, 
a second internal friction maximum appears at ap- 
proximately 470 C. This peak, which will be here- 
after referred to as the solute peak, increases in the 
peak temperature with solute content. The decre- 
ment of the apparent solute peak goes through a 
reversal in trend. However, this is due to the com- 
bined internal friction of the solute peak and the 
background contribution, i.e., the background in- 
ternal friction decreases while the internal friction 
due to the peak itself increases with increasing so- 
lute content. This result leads to the suspicion that 
the background may be due to dislocation motion 
It would be worthwhile to pursue this idea experi- 
mentally to see if the background rise is the onset 
of a dislocation peak. In this respect, it is interest- 
ing to note that the only value of activation energy 
that could be obtained for the background (see 
Fig. 5) yields a value of 23,000 cal per mol for a 
0.06 pet Si alloy. The shift of the low temperature 
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Fig. 11—Variation of internal friction with temperature for 
a 0.10 atomic pet Cu-Ni alloy 


portion of both well developed peaks with a change 
(See Figs. 3 through 6.) 
developed peaks 


sometimes 


in frequency is uniform 
The comparable shift of 
in the intermediate range of 
uniform and sometimes not 
As the grain boundary stre 
the manifestation of a phenomenon having a range 
of relaxation times, it is observed to be a rather 
two to three times wider than the 
single time of relaxation 


poorly 
alloys is 


relaxation peak is 


broad peak, Le., 
theoretical width for a 
This characteristic broadness causes a superposition 
of the two internal friction peaks to occur. The 
suppression of the initial peak and the superposi- 
tion of the two curves do not facilitate the reso- 
lution of the peak temperature or the contours of 
the individual peaks. Hence, the caleulation of an 
activation energy for the original grain boundary 
peak is feasible only for those alloys containing 0.1 
atomic pet or less of the binary component. Anal- 
ogous to the preceding, calculation of the activation 
feasible only for alloy 
olute 


energy for the solute peak | 


containing 0.1 atomic pet or more 


Table 1V. Tabulation of Experimental Results for Cu-Si and Cu-Al Alloys 


Copper Peak 


Cal 
per Mol, 
10 Pet 


Average 
Grain 
Diam, Mm 


Specimen 
Composition, 
Atomic Pet 


57,000 
73,000 
21.000 


0.03 Al 
0.06 Al 
O10 Al 
030 Al 
OSO AI 
0 80 Al 
003 
0.06 Si 
01081 
06.50 Si 
0.80 Si 
1008) 


53,000 
64.000 
41,000 


* Temperature of the maximum of the superposed peak 
Logarithmic decrement of superposed curves measured at T, 


Solute Peak 


Logarithmic 
Decrement? 


Cal 
per Mol, 
10 Pet 


Logarithmic 
Decrement? 


0.079 
0.078 
0 044 67.000 
64 000 
55,000 
80,000 


42,000 
50.000 
54.000 


55 000 0 206 


cles per set 
12 cycles per sec 
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Fig 12--Variation of internal friction with temperature for 
a 050 atomic pet Cu Ni alloy 


formed 

trongly above thé 

rature for the original grain boundary 

equently, it is justifiable to neglect the 

of the solute peak on the low tem 

this initial peak. The method of 

uetivation energy the hift of thi 

region of the peak with a change 

thus justified. The true initial peak 

lemperature ulso not far from the observed value 

The caleulated activation energie and the ex 

rimental ults for the Cu-Al and Cu-Si alloy 
in Table 

Effect of a Variation in Grain Size A solute peak 

i“ previously hown by Pearson in copper and 

allo and by Ke in Cu-Bi 

utilized large 


pecimen The 
vrained speci 
mens in which the grain boundaries were predomi 
nantly perpendicular to the wire axis to demon 
trate that this peak was due to a grain boundary 
effect. Wires of this type behave 


tal specimens the 


imilarly to single 
which are at 
90 to the torsion axis do not exhibit 


interlace 
anela 
etlect Pearson experiments were not conclu 
in that the plot of the logarithmu 


temporat 


decrement 


ure for the ingle crystal specimen howed 


i sin ant maximum at the temperature of the 


although the 
vus decreased. It was decided that an investigation 


coluate total energy dissipation 


of the effeet of a variation in gram size would be a 


rane uitable method of determining whether the 


peak wa due to a volume or grain. interface 


phenomenon 

An alloy of 0.8 atomic pet Si was investigated, a 
the lovarithmic decrement and the dynamic modu 
lus curve appeared to be reproducible for thi 
“alloy Approximately a threefold variation in the 
obtained by 


iverage ain diameter wa changing 


‘ 


thre tandard annealing from 2 hr a 


600 C to a l-hr heat treatment at 550 C Thi 


procedure 
change in annealing will not complicate the inter 


pretation of the result because the magnitude of 
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Fig. 13-—-Variation of internal friction with temperature for 
a 0.03 atomic pct Cu Ag alloy 


will not be influenced by a variation in 


if the phenomenon ts one of grain bound- 
relaxation 
results of this investigation are illustrated in 
9. It is observed that the effect of a diminution 
in the average grain diameter is to displace the in 
ternal friction curve to a lower temperature. If thi 
temperature change and the appropriate grain size 


are substituted in the following equation 


Rin (GS./GS,) 
1/T 1/7 


H 


an activation energy may be calculated. The value 
obtained by thi 54,000 cal per mol, com 
pared to an average value of 53,000 cal per mol 


method | 


computed from the displacement of the logarithmic 
decrement and elastic modulus curves with a varia- 
tion in the vibrational frequency. If (GS./GS,)° 1 
used in the equation, then the computation results in 
an energy of activation considerably different fron 
the previously obtained value Therefore the di 
placement of the internal friction curve due to the 
pram size variation may be considered to be indica- 
tive of a linear relation between the time of re- 
laxation and the average grain diameter, Le., 7 D 
It should be noted that within the experimental 
error there is no change in the magnitude of the 
peak with a variation in grain size. This 1 


of a grain bound- 


olute 
one of the unique characteristic 
ary stre relaxation phenomenon, since it may be 
demonstrated that if the 


grain boundary area 


dimensionally internal 


friction is proportional to the 
per unit volume multiplied by the average di 


placement across a boundary then the internal 

friction is not a function of the grain dimension 
Investigation of the Source of the Solute Peak — It 

was previously shown that a very small bulk addi- 


tion of the alloying element (approximately 0.03 
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Fig. 14—Variation of internal friction with temperature for 
a 0.3 atomic pct Cu-Ag alloy 


atomic pct) was sufficient to produce a solute peak 
This would require an extremely high tendency for 
the alloy addition to be adsorbed at the grain inter- 
faces. Although aluminum in copper has an a solid- 
solubility limit of approximately 8 atomic pet, the 
extremely high grain boundary adsorption of these 
elements raises the question of whether the precipi- 
tation of a second phase at the boundary might be 
responsible for the solute peak 

Microscopic examination of the wire 
at X1000 revealed no evidence of an additional 
phase at the grain interfaces, but this ts hardly 
conclusive evidence upon which to eliminate the 
possibility A critical experiment establish 
whether there is any validity to the assumption 
would be the investigation of a copper binary alloy 
in which there is complete solid solubility. Copper 
and nickel are completely soluble in each other for 
all compositions and therefore the manifestation of 
a solute peak for a Cu-Ni specimen would eliminate 
the possibility of a second phase being responsible 
for this energy dissipation maximum 


pecimen 


Table V. Tabulation of Experimental Data for the Cu-Ni Alloys 


Copper Grain Boundary Peak 
Specimen 
Composi H Logarithmic 
tion, Atomic Cal per Mol, T». Decrement 
Pet Ni 10 Pet 0.00% 


45,000 0.068 
44,000 0.105 


Cu-Ni specimens of 0.05, 0.10, and 0.50 atomic 
pet were prepared in the manner previously de- 
scribed. Low were used so that 
energies of activation could be obtained for the 
relaxation peak. The 
identical to 


concentration 


initial grain boundary stre 


testing procedure for these samples wa 
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Fig. 15—Effect of aluminum and silicon concentration on the 
solute peak in 99.999 pct Cu 


that used for the Cu-Al and Cu-Si specimens. Fig 

10 through 12 illustrate the results for these test 

and Table V gives the experimental data 

It is observed that the trends of the grain bound 

relaxation peak are the same as for the 
previously tested Although a 
peak is not observed for the 0.05 atomic pet speci 

men, it is manifested for the 0.1 atomic pet wire 
and fully formed in the relaxation 
0.5 atomic pet Cu-Ni The occurrence of 
this peak in the internal friction spectrum for a Cu 
Ni specimen eliminates the possibility that it 1 
due to the precipitation of a phase at the grain 


ary stre 


pecimen olute 


pectrum of the 


pecimen 


interfaces 

A further po 
that the oxidation of either 
atoms at the grain boundary gives rise to the 
peak. If the peak is due to the 
copper atoms alone at the boundary, 
hould be observed above 450°C in the relax 
pectrum of the 99.999 pet Cu after prolonged 
No peak was observed in the high purity 
general temperature range even after 
five consecutive temperature cycle A 
ult was obtained by Ke® for a 
an argon atmosphere after a 3-hr anneal at 500°C 
from 


ibility that must be considered | 
the solute or solvent 
econd 
oxidation of the 
then @ maxi 
mum 
ation 
heating 
copper in thi 
imilar ve 
pecimen tested in 
ubsequent to three cycles of measurement 
600°C to room temperature. It was possible to 


eliminate almost grain boundary 


completely the 


tre relaxation peak without any manifestation 
of a second peak which could be attributed to oxy 
gen. It therefore may be concluded that the solute 
peak is not due to the oxidation of copper atom 
at the grain interface 

All of the alloying 
tudied by the previously mentioned investigator: 


of forma 


elements that have been 
and the authors have larger free energie 
tion for the oxide than do the corresponding 
metal It ha to deter 
mine in an unambiguou 
preferential oxidation of the 


olvent 
therefore been impossible 
manner whether the effect 
could be due to the 
alloy constituent at the grain boundary. This que 


tion may be resolved by the testing of a specimen 
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Fig. 16-—-Effect of solute concentration on the energy of 
activation for grain boundary stress relaxation in high purity 
copper 


for which the free energy of oxide formation for the 
olute is le than that for the Silver has a 
lower affinity for oxygen than copper in the critical 


olvent 
range of temperature and it is therefore probable 
that no silver oxide will be formed in the copper 
boundari 

Cu-Ag alloy 
tandard procedure 
and 14 illustrate the experimental result 
are tabulated in Table VI It 1 
manifested and hence the 
the preferential oxi- 


were prepared and tested by the 
previously discussed. Figs. 13 
which 
observed that a 
econd peak 1 ource of 
the solute peak could not be 
dation of the alloying element 


Table Vi. Tabulation of Experimental Data for the Cu-Ag Alloys 


Copper Grain Boundary Peak 


Specimen 
(ompost Logarithmic 


tion, Cal per Mol Decrement, 


0.084 


Grain Boundary Adsorption of Selute—It is shown 
in Fig, 15 that there is a saturation in the energy of 
activation for the solute peak 


between about O.1 and 0.5 atomic pet Thi 


content 
effect 1 
aturation of solute 


with solute 
probably a manifestation of the 

at the boundart Because the activa 
tion energy of the copper peak ts sensitive to com 
hown in Fig. 16, and because it} 
olute exce at the boundary, 


prob 


pur ition, a 
ably affected by the 
one might consider using this activation energy a 


a measure of the solute exes In this respect it 1 
interesting to note that the rate of increase of the 
activation energy with composition varies with type 
of solute in the order that the 


vary. That is, for a dilute solution 


olute excess would 


concentration of 
Hence, vari 
Now, dy/dC 


where 1 olute exce 


olute, and interface energy 


us dy/dC for a given concentration 
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may be assumed related to the difference in atomic 
radii between solute and solvent. That is, an out- 
of-size atom in the matrix will tend to find its 
out-of-size hole at the grain boundary and thereby 
diminish both the strain energy in the matrix around 
the out-of-size atom and the strain energy about 
the hole in the boundary. If Goldschmidt radii’ are 
used then the size difference between the solute and 
olvent atoms increases in the order nickel, silicon, 
aluminum, silver. This is just the order of increas- 
ing slope of the activation energy for the coppet 
peak vs the concentration shown in Fig. 16. If 
Axon-Hume-Rothery radii are used, then silicon is 
out of order, compared to the experimental slopes 
If, however, Cottrell’s estimate” of the electrical 
interaction between a solute atom and a dislocation 
is assumed to apply between a solute atom and a 
grain boundary and if the Axon-Hume-Rothery 
atom radii’ are used to estimate the elastic inter- 
action between a solute atom and a dislocation, then 
the order of the interaction energy 
1: 2.6:4.8:5.5 as compared to the experimental ordet 
1:4.5:6:9 for nickel, silicon, aluminum, and silver 
olutes, respectively. In view of the previously given 
agreement, it seems reasonable to conclude that the 
rate of change of the activation energy of the coppet 
a relative measure 


predicted ts 


peak with solute concentration | 
of the solute excess at the grain boundaries 


Summary of Significant Characteristics of the 
Grain Boundary Stress Relaxation Peaks 


1) goth peaks in their well developed stage have 
about the same integrated area under the curves 

2) As the copper peak decreases in intensity 
with increasing solute, the solute peak increases in 
intensity 

3) The activation energy of the copper peak 
increases markedly with increasing solute content, 
although the peak temperature decrease: 

4) The activation energy and peak temperature 
of the omewhat dependent on 


solute content 


olute peak are 
In the silicon-containing alloy, the 
activation energy appears to decrease with increas- 
ing silicon content 

5) The rate of increase of the activation energy 
of the copper peak with increasing solute content 
depends upon the solute. An increase in the atom 
ize difference between solute and solvent increases 
the observed effect 

6) The shift of the low temperature portion of 
both well developed peaks with a change in fre- 
uniform. This implies that the activation 
either a minimum value of a 


quency 1 
energy measured ts 
possible range of activation energies or a well de- 
The shift of the high temperature por- 
silicon peak is the same as for the low 


fined value 
tion of the 
temperature portion 

7) The shift with frequency of the poorly de- 
veloped peaks in the intermediate range of alloys 


uniform and sometimes not A range 


ometime 
of activation energies may exist in some of the 
alloys having nonuniform peak shift 

8) The relaxation times of both well developed 
peaks are proportional to the grain size. The inten- 
sities of both well developed peaks are independent 
of grain size 

9) The half width of both well developed peaks 


is larger than that for a single relaxation time 
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10) The relaxation time of the solute peak is 
about 1000 times longer than that of the coppe! 
peak at 360°C 

11) If the background variation is taken into 
account, then the sum of the integrated areas under 
both peaks is roughly constant and independent of 
solute content 

Comparison with Theory—A 
with the facts of grain boundary stress relaxation 
is presented in a separate paper 


theory consistent 


Conclusions 


1) The energy of activation of the initial grain 
boundary stress relaxation peak increases with the 
solute concentration until it attains a saturation 
value. The rate of attainment of this value is a 
function of the atomic size if the Goldschmidt atomic 
diameter is used for the solutes. However, if the 
apparent atomic diameters are utilized, the increase 
in the energy of activation is a function of both the 
atomic size and valence of the alloying elements 

2) A second peak, termed the solute peak, is 
manifested upon the addition of the alloying ele- 
ments, and it was demonstrated that this internal 
friction maximum Is associated with a grain bound- 
ary phenomenon 

3) The source of the solute peak is neither an 
oxidation of the solute or solvent atoms at the grain 
interfaces nor is it the result of a second phase 
precipitating at the boundary 

4) The variation of the activation energy for 
the grain boundary stress relaxation phenomenon 
with concentration is shown to be a reasonable 
measure of the relative interface adsorption of the 
alloying elements 
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Technical Note 


X-Ray Satellite Line Structure of Ferrite for CrK Radiation 


by V. Weiss 


if tudies of the X-ray diffraction line geometry 
of iron with chromium radiation using techniques 
aimed at minimizing the background intensity, Kf 


and Ke emission satellites* were resolved with three 
* Line in the X-ra spectrum of atoms which cannot 

plained by transitions between known energy levels. These 

iiways in the neighborhood of an intensive diagray line 
explained b 

aton 


multiple ionization of inner electron 


techniques. These satellite lines are present with 
sufficient intensity to lead potentially to erroneous 
tructure analysis, if not properly interpreted. The 
techniques used were: 1) film technique with un- 
filtered radiation and polycrystalline specimen, 2) 
film technique with unfiltered radiation and single 
crystal, and 3) counter technique with unfiltered 
radiation and single crystal 

An example of results obtained with technique 1 
is given in Fig. 1 
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Research Institute, Syracuse University, Syracuse, N. Y 
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Wavelengths of the K Satellites for Chromium, tron, 
Cobalt, and Copper Radiation in X Units* 


Table | 
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Reference 


contain 
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41.232 X unit 
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most recent ie for the CuKea wavelength 
According the Kea ste le wv flength based of 
erence ilue is 


satellite obtained with 
unfiltered chromium radiation on poly 
crystalline won (211) reflection Due 
to the large grain size of the speci 
men, the intensity relations are greatly 
distorted The grain giving rise to the 
indicated reflection was untavor 


ably onented with respect to a strong 
Ki. reflection 


Fig satellite and Ku, doublet 
of unfiltered chromium radiation 
211) reflection, iron single crystal 
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Fig. 3—Counter traces of Ku and Ky lines obtained on iron single crystal with 
unfiltered radiation (211) reflection 


KOGK Ot, 


Fig. 4—Counter traces of CrKu and Kj diffraction lines and satellites obtained with 
200) reflection 


unfiltered radiation on tron single crystal 
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With unfiltered radiation the Ka, satellite was In Table I the wavelengths of known emission 
obtained by rocking the crystal through the (211) utellites of interest are reported 


reflection position. The film trace is shown in Fig, 2 Acknowledgments 


Using a counter technique, emission satellites were This investigation was conducted on a General 
observed on all three lines obtained for iron with Electric XRD-5 diffraction unit equipped for counter 
chromium radiation, namely (211), (200), and and film techniques. This work has been sponsored 
(110). Traces of the (211) and (200) reflection in part by the Office of Ordnance Research, Contract 
are reproduced in Figs. 3 and 4 No. DA-30-115-ORD-651 

From the data presented, it is evident that dif Reference 

tion lines resulting from the satellite emission 4 tary Wucitation af the Cres Satellite. 
pectral lines are readily encountered in the use of ‘ et 1. Wissenseh., 1953, class Ha, vol, 162 


diffraction technique now availabl 1931. Berlin. J. Springer 


Embrittlement of Ti-Al Alloys in The 
6 to 10 Pct Al Range 


Ti-Al binary alloys in the range from 6 to 10 pct Al have been found to become 
embrittled due to the occurrence of a second phase. The degree of embrittlement 
appears to depend upon the following factors: aluminum content, aging temperature 
and time, rate of deformation, and testing temperature. Debye powder pattern lines 
for the second phase are in agreement with the Ti.Al phase reported by Ence and 
Margolin. 


by F. A. Crossley and W. F. Carew 


i has been reported that the Ti-8 pet Al alloy | | | ] 
ductile as water quenched from 800°C but brittle Loading Rate, Lbs/Min 


as annealed at 650 C. The present, somewhat lim e@ 600 
ited, investigation was undertaken to discover the » 2400 
cause of the embrittlement. In order to evaluate to 

ome extent the continuity of the embrittling phe 

nomenon, alloys of 6, 8, and 10 pet Al were studied 

Subsequent to the completion of most of this work, 

Ence and Margolin reported that a TiAl phase 

xists and that two or more unidentified compound 

lay exist in the Ti-Al system 


Materials, Equipment, and Techniques 
The alloys were prepared using Kroll proce 
ponge of 124 Bhn hardne In addition ome 6 
pet Al material was made with iodide titanium. The 


ortione 


ponge-base allo were prepared as melts of 4 Ib 
or more by double arc melting. The iodide Ti-8 pet 
Al alloy was prepared as 200-g buttons. The allo 
were forged at temperatures of 980° to 1150°C 
Results of chemical analyse are given in Table I 
A Baldwin-Southwark 60,000-ib capacity tensile 
nachi equipped with an autograph tr 


train recorder Wa used for the tensile 
20 400 600 


Stu ard tens! test ee is, 0.252 in. diam, were 
ndard tensile te pecimet! ) i Annealing Temperature. 


used. Standard Charpy V-notch impact specimen 
tested using a Riehle machine Specimen Fig. 3 
ealed in evacuated Vycor bulbs for heat 
ment. Powder ample for Debye-Sherrer anal! 


Proportional limit and reduction in area vs annealing 
temperature for Ti 8 pet Al alloy 


F. A. CROSSLEY, Junior Member AIME, is Senior Metallurgist is were prepared by filing and screening through 
and W. F. CAREW is Associate Metallurgist, Nonferrous Metals KY nesh. The 125 mesh fraction was taken in an 
Research, Armour Research Foundation, Chicago effort to concentrate a microstructural constituent 

TP 4348€ Manuscript, Aug 27, 1956. Cleveland Meeting, Octo assumed to be le ductile than the a phase. The 
ber 1956 


powder samples were stre relieved by annealing 
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Fig 2—Ti-8 pet Al 
iodide), vacuum an 
nealed at 850°C for 6 
hr and water quenched, 
aged at 550°C for 500 
hr and water quenched 
» plus precipitate 
Microstructure devel 
oped with 20 pct HF, 
20 pct HNO.,, and the 
balance glycerine etch 
x1000 


perature at which the bulk maternal had 
treated More details on the exper 


the results which follow 


found elsewhere 


yocedure and on 


ia 


Results and Discussion 


peciamens of alles containing 6, and 


vere annealed at various temperature 


Anneal 


increased with de 


and tested at room temperature 

inh Which were 

in order to compensate to 

tent for reasing diffusion rate were a 

16; 500 C, 8; 400°C, 48; 300°C, 137; and 
120. No significant variation in the tensile 
of the 6 pet Al; y with annealing tem 
us found reduction in area ‘\ 


‘ ali r the 6 pet Al alloy 


ter tu 


nk 1 There was no significant differ 


ene hardne between ductile and britth 


All specimen 10 pet Al allo 
on Hou ¢ 


quenched 
ractured before the propor 
specimens quenched from 
Khibited low duetilit The 
eduction in area value was 9 pet obtained 
men quenched fram 900 A peculiarity 
pet Al ielded before 
that the 02 pet o eld strength 


pecinen 


10,000 lower than that obtained 
peciinen 
»pevaluate the effeet of impuritie ten 
of pet Al alloy 


ere vacuum annealed to reduce 


made with to 
‘O ppm. Vacuum annealing was done at 
Tensile test results for i pec 

as Vacuum annealed and after aging are piven 

ible A vater 
annealing treatment, the material was ductile 
duetilit and wld strength 
Linnie it microstructure of the aged 


vacuum 
Both 
decreased with aging 


quenched trom the 


pecinen howed the presence of a second phase 
The quantity of precipitate was considerably greater 
in the specimen aged for 500 hr (see Fig. 2) 

pecmmens of the sponge-base 8 and 10 pet 
were vacuum annealed to reduce hydro 
and aged at 550 C for 48 hr on 
Metal 


finely di 


> ppm or le 
All of these 


examination indicated a ver 


pecimens were brittle 


econd phase » be present in j of these 
However, the econd phase wa 
le ! vidence pet Al than in the 8 pet 
Al specimet 

Since 


embrittlement in the 8 p Al all uu 


much 


for 48 hr ; 100 C did not produce 


pecimen Wa 
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aged under 30,000 psi stress for 1000 hr at 400 _ 
then tensile tested. Brittle frac- 
The microstructure was 


The specimen wa 
ture occurred at 64,000 psi 
imilar to that shown in Fig. 2 
Two tensile specimens of 8 pet Al which had been 
embrittled by aging at 550°C for 48 hr were an- 
nealed at 800°C for 2 hr and water quenched. These 


Table | Results of Chemical Analyses 


Aluminum Content, Wt Pet 
Hydrogen Content, 
Ppm by Wt 


Nominal Analyzed 


2333 
107 
100 
135 


were completely ductile, the average re- 
However, the 
were the same 


pecimen 
duction in area value being 32 pct 
microstructures of these 
as for the aged condition 
with the microstructure shown in Fig. 2 was an- 


pecimen 
To confirm this, a sample 


Temperature, °F 
210 306 390 


48 WO) 


104 


Temperature, 
Fig. 3—Tensile reduction in area vs temperature for Ti-6, 8, 


and 10 pet Al alloys 


Temperature, “Ff 
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t 
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48 HRS- WO 


ve 


Temperoture, °C 


Fig. 4—Charpy V-notch impact strength vs temperature for 
T:-6 pet Al alloy 
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Table Il. Tensile Properties of lodide Ti-8 Pct Al Alloy 


Ultimate Tensile Pet Vield Reduction in blongation bracture 
Heat Treatment” Strength, Psi Strength, Psi Area, Pet Stress, Psi 


148.000 
80.000 
O00 


6hr, WQ 116,000 99,000 
hr, WQ; 550°C, 42 hr, WQ 91,000 88.000 
6 hr, WQ; 550°C, 500 hr, WQ 62,000 19,000 


and WQ stand for vacuum annealed and water quenched 
pet offset 


nealed at 800°C for 2 hr and water quenched. The these workers. The 8 pet Al alloy aged under stre 
microstructure was unchanged at 400°C appears to contain this phase as well 
Since room temperature ductility of the 6 pet Al 
alloy was independent of annealing temperature al- Table II!. Debye Sherrer Powder Patterns Compared with Dota of 
though the 8 pet Al alloy showed marked depend- Ence and Margolin 
ence, the possibility that this difference was due to 
transition behavior was investigated. The result 1i-25 Pet Atat 
are shown in Figs. 3 and 4. The 6 pet Al alloy showed 
transition behavior, both as quenched from 800°C for He at for Mr Phase THAL Enee 
and as aged at 550°C. But, significantly, the 6 pet 
Al alloy as aged at 550 C loses considerably in ten- 
ile ductility below room temperature, and in im- 
pact strength at all test temperatures. Vacuum an- on o1 
nealing to reduce hydrogen to a low level had no as Th 0.08 


oo 


significant effect on the impact values for the aged : 25 


condition 
The fact that precipitate formed at 550°C doe 
not dissolve at 800° (although ductility is restored) 
indicated that the precipitate phase is stable at 
800 C. However, the microstructures of specimen 
annealed at 800 C for 96 hr gave little, if any, in- 
dication of the presence of a second phase. It may 
be postulated that the precipitation reaction is con 
iderably more sluggish at 800° than 550 C. Given 
ufficient time, it should be possible to develop the 
precipitate phase at 600 C. Accordingly, specimen 
of 6, 8, and 10 pet Al were cold pressed 20 to 30 pet 
and annealed at 800 C for 184 hr. The resultant 
microstructures are shown in Figs. 5 and 6. The 
particle size of the second phase was considerably 
larger in the 6 than in the 8 and 10 pet Al alloy 
No conclusions relating to the relative amount . 
the second phase present can be drawn, since it + = —— 
improbable that equilibrium had been reached { Estimated reli 
all of the samples 
The Debye-Sherrer powder pattern hown in However, the lesser accuracy inherent with MoKa 
Table III definitely establish that the second phase compared with CuKe radiation, and the scareity of 
is not titanium hydride or any known phase in- lines makes identification less positive 


volving titanium or aluminum with carbon, oxygen, 
or nitrogen. Included in the table are data of Ence 
and Margolin for the TiAl phase. Lines attribut- A second phase has been found to occur in Ti-Al 
included. Data for the two-phase binary alloys in the range from 6 to 10 pet Al. The 
when formed at temperature below 


Summary and Conclusions 


able to a are not 
tructure of the 6 pet Al alloy developed at 800°C precipitate 
confirm the existence of the TiAl phase reported by 800 C, produces varying degrees of embrittlement 


Fig 8 pet Al, 
cold pressed 25 pet, held 


Fig. 5—Ti-6 pet Al, 
cold pressed 25 pct; held : 
at 800°C for 184 hr and ; ™¢ at 800°C for 184 hr and 
water quenched. « plus ‘ “gd. water quenched. « plus 
precipitate. Microstruc precipitate, Microstruc 
ture was developed with 
20 pct HF, 20 pct HNO., 
and the balance glycer ; J 
ine etch. X1000 me etch 


- 


ture was developed with 
20 pct HF, 20 pct HNO, 
and the balance glycer 


TRANSACTIONS AIME JANUARY 1957, JOURNAL OF METALS—45 


VA 850°C 
VA 850°¢ 15 16.0 
VA 850°¢ 10.0 20 
0.14 
ol respect el 
Ww 


Acknowledgments 
authors are grateful to E. J. Klimek, 


ed the preparation of the 


Thank 
vht Al 


who 
metallogri 
are due to the Material 


Labora- 
Development Cente: 


ponsors of 


References 


Carey nd H 
Ts 


ondition b 
ma anne: 


roduce two 


Discussion 


Technical Note 


Elastic Coefficients of Single Crystals of Alpha Brass 


by W Ix Hibbard Ir 


on 


result Thi with the value of 

the value 1Z 10 dyne reported by Schmid 
ic coefficient The ‘sults a} ummarized 

the values for the 

ince they resulted Table II 

modulus, namely 


value con pare 


and 
in Table I 


New Results for Elastic Coefficients 
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Solid Solubility of Carbon in Chromium 


by W. H. Smith 


N connection with some recent work on the effect 

of impurities on the ductility of chromium, it 
appeared desirable to know the solid solubility of 
carbon in chromium. A literature survey indicated 
that this information was not available. Although 
considerable work has been done on the Cr-C phase 
diagram, previous investigators have been more 
concerned with the structure and phase boundaries 
of the carbide phases than with the terminal solid 
olution. The phase diagram shown in Fig. 1 is taken 
from the work of Bloom and Grant’ and represents 
the most recent determination. As indicated by the 
dashed line, the « solid-solubility limit was not 
determined 


Experimental Procedure 
Alloys of chromium were prepared from hydro- 
gen-treated and vacuum-degassed electrolytic chro- 
mium plus spectrographic grade carbon. The oxygen 
and nitrogen content of the alloys was ~ 0.002 pet 
After melting, analysis of the alloys showed them to 
contain 0.02, 0.08, 0.15, and 0.55 pet C of the 
alloy were heated in a protective atmosphere to 
various temperatures and then quenched after hold 
ufficient to insure equilibrium. M1- 


Pieces 


ing for a time 
croscopic examination of the as-quenched alloys fo 
the presence of a second phase was used as a mea 
ure of the solubility limit 

The heats were made in a multiple hearth are- 
furnace using a zirconium-gettered static argon at- 
A zirconium melt wa 
Triple melting was used to insure ingot 


mosphere made before each 
Cr-C heat 
homogeneity as 
The alloys were prepared by adding portions of a 
4.5 pet C-Cr master alloy to high purity chromium 
The carbon contents listed previously were those 
unalysi The nitrogen and oxygen 
contents after arc melting were both ~ 0.002 pet 
Section from the 100-z 
and a hole drilled in one end in order to su 

After 


ample of each 


hown by microscopic examination 


obtained by 


in. were cut 
ingots 
pend the sample from a molybdenum wire 
the surface wa 
melt was hung in a mullite tube heated externally 
by a platinum resistance 
lower portion of the mullite 


carefully cleaned, a 


furnace connected to a 
vacuum system. The 
tube was sealed to Pyrex and closed off 
inches below the furnace. This was filled with sili 
cone oil kept cold by circulating cold water around 
the outside of the Quenching into the oil 
bath was achieved by melting a fuse wire 
the sample. It required about 4 sec for the 
to cool from 1400) to 600°C. Thi 


was considered satisfactory to freeze-in the high 


everal 


Pyrex 
upporting 
ample 
everity of quench 
temperature equilibrium. For tests made at tem 
peratures of 900° to 1200°C, heating w done in 


above 1200 C. an argon atmo 


vacuum, for test 
phere was used. The holding time employed ranged 


WH. SMITH, Junior Member AIME, ts associated with Research 
Laboratory, General Electric Co, Schenectady 

TP 4324E. Manuscript, Jan 30, 1956. Cleveland Meeting, Octo 
ber 1956 
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Fig. 1—CrC phase diagram, after Bloom and Grant’ 


from 12 hr at 900°C to 6 hr at 1400°C. Experiments 
were performed at temperatures of 900 1000 
1100°, 1200°, 1300°, and 1400°C Microscopic 
amination for evidence of a second phase was done 


at X1500 


Experimental Result 
The microstructures of a 0.08 pet C-Cr alloy a 
cast and after quenching from 1300 C are shown in 
Figs. 2 and 3. A 0.15 pet C-Cr alloy quenched from 
1300 C hown in Fig. 4 The data obtained from 
the quenching experiments is shown graphically in 
Fig. 5. If the Van’t Hoff equation 1 
on a logarithmic scale of the mol traction of 
vs the reciprocal of the absolute temperature should 
traight line For dilute solutions the weight 
ubstituted for the mol fraction 


obeyed, a plot 
olute 


a 
percentage can be 
errol The 


without introducing any appreciable 


Van't Hoff equation can then be written a 


tc 
ov 
where H is the heat of solution in calories per mol 
The slope of the straight line on the log pet C v 
1/T plot gives the value of SH. Assuming that the 
Van't Hoff equation | which } 
justified for the dilute solution of carbon in chrom 
ium, the heavy straight line shown on Fig. 5 repre 
ents the best fit of the data. Thi 
as follow 
On Fig. 5 the result 
following quenching were plotted 


probably 


obeyed 


line was obtained 
of the microscopic examina 
tion of all alloy 
and designated as to whether one or two phases were 
een. Below 1100°C all alloy 
vertical line 


howed a second phase 


on quenching. The heavy hown in Fig 


» therefore represent the possible range of the ter- 
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Fig 2--As cast 
structure of a 0.08 
parC Cr alloy 
Electropolished in 

H 50, X1500 Re 
duced approximately 
35 pct for repro 
duction 


Fig. 3—Structure of 
ao 008 pet C-Cr 
alloy after heating 
to 1300°C im argon, 
holding 6 hr, and 
quenching in orl at 
room temperature 
Electropolished in 
HSO. X1500 Re 
duced approximately 
35 pet for repro 
duction 


Fig. 4—Structure of 
a 015 pet C Cer 
alloy after heating 
to 1300°C im argon 
holding 6 hr, and 
quenching in of at 
room temperature 
Electropolished in 

H SO. K1500 Re 
duced approximately 
35 pet for repro 
duction 


part cular test 
placed in 
terminal 
ed. The 
mn was that 
oft point 
limit of the 
icted to be 
above all the 
line, an 


boundat 


number 


data 
hould 
on the 
ition of 
27 600 
heat 
and Oriani 
cementitt 
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cal. At the 
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Technical Note 


Effects of Aluminum on the Cold-Rolled Textures of Titanium 


by C. J. Sparks, Jr, C J. McHargue, and J. P,- Hammond 


N a study of the effects of solid solution alloying RD 
on the deformation texture of titanium, an alloy 

containing 3.8 pet Al was found to develop a (0001) 

[1010] texture instead of the texture characteristu 

of pure titanium A short investigation has been 

made of the change in texture with aluminum con- 

tent 
Alloys containing 0.27, 0.47, 1.05, and 1.43 pet Al 

were prepared by vacuum are melting, using iodide 


«<* 4 
titanium as the base material. Homogenized ingot MO Ae 


were reduced 90 pet in thickne rolling 


were obtained using the usual film Ti - 0.27 % Al 
Fig. 1 shows that the change from the tilted to 
the nontilted (0001) position is gradual. The dashed 
contour lines in Fig. 1 indicate the extent to which 
data was collected. The addition of 0.27 pet Al re 
sulted in a decrease in the transverse spread of 
basal poles. With increasing aluminum content, the 
amount of the tilt becomes less and the region of 
highest intensity takes the shape of a ring about 
the center of the pole figure. For aluminum con- 
tents greater than 1 pet, the (0001) [1010] texture 
is definitely present—-the sharpne increasing a 


y 
the amount of solute is increased 


titative pole figure method hould definite 
ar intensit region about the center o 


* Future experiments planned on a Ti-3 pe : o j ‘ 
ib i ‘ ax Ti- 105% Al 


or olid 


It is interesting to note that Williams and Eppel 
heimer’ reported for commercial grade titanium a 
high intensity region 20° toward the rolling direc 
tion from the rolling plane normal in addition to 
one 30° toward the transverse direction. Their basal 
pole figure was similar to Fig. 1, row three. The 
observation that the texture changes gradually with 
olute concentration is similar to the results of simi 
lar studies on coppe! At the present time these 


effects are not clearly understood 
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Technical Note Unusual Twinning in Annealed Copper 


by R | 


inusual thermal 
eribed and an explanath 
uppested A fii 
polished in 
950 Coin 
for 2 hi 
etched 
With the a 


copper ¢ 


orthophosphe 


cuuse the 
on one 
formed ani 

it eormed 

truce 

These 

thought that the 
A fringe 


vrain bein 


pattern 


inp tep wares thee 
line passing out from the 
wdditional 


deformed ten 


To obtain some 
men wa 
tre was first to cause the 
ning from the centers to the 
and then to tilt the five se 
much preater tre upp! 
the pvrain, these effect 
micrograph was taken 
deformation and the 
magnification is the 
ome slip can be 
varying the illuminate 
In euch sey 
takes place on the 
ide of the 


change in direction of 


fication 
pentagon 


ment seemed to be tneompatiblt 


of a regular array of subgraimn 

Phese result ut ! thie 

twin I! ith thie 

adial line 


were 
plane in copper thre 
planes om the urface 
pat the 


nad ula 


mitist be trace of the 
From the of the sti 


litne these plane must be almost 


ition radial 


te 
l direction 
in face-centered-cubie coppel If, in Fis 

OAR (triangle 1) is taken as matrix and OA, OB 
are {111 viewed edge on, then AB ts in the 
correct direction to be the trae f either of the 
other two [111 urface. If triangle 


is the twin (about the [LIL1L; plan 
Oh) 


between 


the urtace The anulk 


on the 


perpendicular 
the surface and contaimin 
once again it can be hown that 

of pliame trian is the 
triangle 2, 4 of 3, and 5 of bott and | 


Similars 


equence | of course quite arbitrat ) 


However, if this were 
to be ‘ ited It 


the cause would 


discrepancy 
vested that the 
from the center of the pentagon repress 


fuint curs 
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lurgy School, University of Melbourne, © ariton, Victona, Australia 
TN 317E. Manuscript, Sept 22, 1955 


50 JOURNAL OF METALS, JANUARY 1957 


Segall 


Fig. |-OFHC cop 
per after 2 hr at 
950°C in vacuum, 
showing pentagonal 
striations. %500 
Reduced approx 
mately 30 pct tor 


re, oduction 


Fig 2--Same area 
as shown in Fig. | 
atter deformation in 
tension 500 
Reduced approx 
mately 30 pet for 
reproduction 


Fig. 3-—Schematic 
diagram of Figs. | 
and 2. Numbers 
represent: 1, matrix, 


2 through 5, twins 


Cc 


mall twin. The slight 
line might be an 


boundat ixth 
by the fringe at thi 

i that the former is the case. This explana- 
not account for the coincidence of obtain- 

neg a ain whose surface must be so close to '110} 


twinning described pre- 


and obtaining the curtou 
would be of interest to find a specific 


m for thi 
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in Coppel cle 
nin terms of twinnin 
ead heet wa electro 
wid and annealed 
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found to be thie mall 
irface bein col tent 
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on The effect of the 
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of the pentavor 4 
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d be obese ed better b 
of lip (whiel a 
rie ) Nit parallel to thie 
from sepmment te ‘ 
With the presence 
er 
ofl 
u 
outward 
nts either a 
mechan 


Uranium-Zinc System 


The phase fields existing in the U-Zn system at | and at 5 atm pressure have been determined 
trom X-ray, metallographic, thermal, and vapor pressure data. Only one compound, UZn,, is formed 
in this system. At 910°C and | atm pressure this compound exists in equilibrium with zinc vapor 
and zinc-rich liquid containing approximately 14.6 wt pct U. The solubility of uranium in zinc de- 
creases to 0.45 wt pct U at 600°C and to 0.025 wt pct at 419°C. The compound forms a eutectic 


with uranium which contains 42.0 0.5 wt pct U and melts at 944° : 


5°C. The solid solubility of 


zinc in uranium is very low and was beyond detection by the experimental methods employed. At 5 
atm pressure a liquid immiscibility gap at 1050°C extends trom 47 to about 93 wt pct U. 


by P. Chiotti, H. H. Klepfer, and K. J. Gill 


mo observations relati to the U-Zn system 
have been made by other investigators. Chipman 
and Carter have everal 
U-Zn alloys and point out that these alloys are gen 
erally difficult to prepare. Chipman’ reported evi 


dence for a high melting compound at about 90 


reported the preparation of 


atomic pet Zn and the possible existence of a eutec- 
Raynot 
propertice 


tic between the compound and uranium 
in a theoretical discussion of the alloying 
of uranium, included zinc among the elements pre 
dicted to have little or no 


Uranium 


olubility In a, 


In the present investigation, thermal analyses, 


X-ray, 


were obtained to determine the 


metallographic, and vapor-pressure data 


phase boundari« 
The relatively high zine pressure over most of the 
alloy at temperature of 900 C and above proved 
troublesome and special techniques had to be em 


ploye din preparing uitable alloy 


Materials and Preparation of Alloys 

The metal 
Ames Laboratory biscuit uranium containing k 

and Bunker Hill slab 
ranulated zine 


employed in th investigation were 


than 500 ppm total impuritte 
zinc or Baker 
both with a purity of 99 99 pet 

Due to the high vapor pressure of zine and the 


jnaly ed reavent 


high reactivity of both uranium and zine with oxy 
moderately high temperature alloy 
which had either 
been evacuated or evacuated and filled with helium 
10 pet 
and tantalum proved to be uit 


gen at only 
were prepared in closed containe! 
High purity magnesia, magnesia containing 
calcium fluoride 
able crucible materials. Two different procedure 
described below, were used to prepare alloys, the 
latter being the most satisfactory 
The metals, 
cleaned with dilute nitric acid, rinsed 
dried, and placed immediately filled dry 
placed in a 10 mil Ta 
losed in the 
crucible by welding on a preformed tantalum cap 
This assembly was enclosed inside a stainl tee! 
(AISI 309) bomb. The bomb was made by 
tainl teel plate on each end of a 


uranium turning and granulated 
zinc, were 
in a helium 
box. The two metals were 
tantalum 


crucible. The charge was erm 


welding 


“a piece of 


CHIOTTI, KLEPFER, and K J. GILL ore associated with 
the Institute for Atomic Research and Dept. of Chemistry, lowa 
State College, Ames, lowa 

TP 4330E. Manuscript, Dec. 16, 1955. Cleveland Meeting, Octo 
ber 1956 
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were cal 
emblies 


tainle tecel pipe. All these operation 
ried out in a helium atmosphere, These a 
were heated in a muftile furnace at temperature: 
between 11000 and 1200°C for 10 to 15 min or held 
15 to 20 hr in the 950° to 1000°C tem 
before quenching. Spectrographie 
howed no tantalum pickup 
indicating no reaction between the 
However ome of these 
in the 
teel or tantalum crucible 
atisfactory method was to 


a long a 
perature range 
and chemical analyse 
by the alloy 
alloy and the 
crucibles failed, probably due to imperfection 
welds of the 
The second and most 


crucible 
tuinle 
prepare the alloys by powder metallurgy technique: 
The procedure was to pre degreased and acid 
etched uranium turnings with granulated zinc into 


20 ¢ compacts under 20,000-psi pressure. The com 
pacts were placed in MgO crucibles, and 
evacuated Vycor or fused silica tube The alloy: 


were then heated as long as two weeks at about 


ealed in 


50 C in a muttle furnace. The pressed compact 
were observed to expand by several volume percent 


during heating and it was necessary to make allow 
ances for this expansion in order to avoid breaking 
the crucible and Vycor tube. Thi 


preparing alloy 


method was found 


very satisfactory for which were 


uitable for thermal analysis or vapor pressure 


tudi 
Experimental Methods and Results 
The phase diagram for the U-Zn system at 1 atm 
pressure hown in Fig. 1, is based primarily on 
ure measurements and on thermal analy 
below 950°C. Fig. 2 show 


constructed on 


Vapor pre 
is taken at temperature 
the U 
the basis of thermal analysi 
tainers up to 1150°C and on the basis of metallo 
graphic, X-ray 
The alloy 


under their own vapor pressure and those 


Zn diagram at 5 atm pressure, 


of alloys in sealed con 


and analytical data 
ealed under vacuum were actually 
ealed in 
an atmosphere of helium were under an additional 
pressure due to the helium. At temperatures up to 
1100 °C the zine pressure is 5 atm or le for these 
consequently the 


ealed under a helium atmosphere was 10 


alloy 
the alloy 


atm or le 


maximum pre ule ovel 


at temperatures up to 1100 C, Changes in 
pressure of this order of magnitude do not appreci 
ably alter the position of most solid 
olid phase boundaries. In constructing the phase 


ure of 5 atm, the effect of pre 


olid or liquid 


diagram for a pre 
ure on all phase boundaries except those for liquid 
vapor or solid-vapor regions was considered negli 


vible 
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Zine-Rich Liquidus Determination— The solubilit Stirring was necessary in order to bring the melt 
of uranium in molten vine wa tudied by the to its equilibrium composition in a reasonable period 
following method: Five Ib Zn and 300 » U were of time. After a settling period of 2 hr at constant 
placed in a magnesia crucible and heated unde: temperature, automatically controlled at +5°C, most 
a Slight positive pressure of argon in a staink teel 
chamber inside a resistance furnace The tee] 
Table |. Average Solubility of Uranium in Zinc 
chamber had a water-cooled cover provided with a 
ort for a mot iriy tirring ) a port ) 
po en n red po fon the lbemperature ‘ Wt Pet Uranium 
removal of samples of the molten bath, an inert-ga 
inlet, and a graphite thermocouple well extending 119 0.025 
into the top of the melt. The stirring rod and paddk _ 0.20=0.10 
0 28°*001 
were made of tantalum. The melt wa lowly heated ( 0.307 0 08 
045°*0.02 
to the desired temperature with continuou tirring 65 13°02 
then held at constant temperature for several hour 
without stirring. At the end of this period a samplk 
from the top of the melt was removed quenched in umples taken from the top of the melt were essen- 
water, and analyzed for uranium. This proce wa tially free of suspended solid material. The presence 


repeated over two heating and cooling evel of large compound crystallite in the microstruc- 
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Table Il. Summary of Therma! Analysis and Microstructure of U-Zn Alloys 


Chemical Thermal Arrests, °¢ 


Analysis 
WePectt 


Heating Cooling 


Comments 


rature, 


to #50°¢ 
10g 


iting 
1204 °¢ 
weak 


ce 


rature, 
rature irrests 


emperature, 


temperature 
perature ligo¢ 
irrest Wis 


perature, 1125°¢ 


iture 


Microstructure 


Small amount of UZn» in fine 
grained zine matrix 

Two phases (UZ.ne in Zn matrix) 

Two phases (UZne in Zn matrix) 

Two phases (UZne in Zn matrix) 

Not examined 

Two phases (UZne in Zn matrix) 


Two phases (UZny in Zn matrix) 
Not examined 
Not examined 


pet eutecth 50 pet UZne 


dendrites 


95 pet eutectic econd phase 


oxtimately OF pet eutectic 
rite eutecth 


eutectl 


pure U 


U tlayers not com 
plete eparated 


SiO). tube ftatled during thermal 
“78 


eutecth Det 
er analysis was 00.84 


eutectl 


jrantum-rieh 


eutecth U) layer, 55S 


jrantum-rich) layer 


teutecth 


whed uranium 


ture of the quenched samples was taken as evidence 
that some suspended compound had been removed 
with the 
3 show 


ample and the sample was discarded. Fig 
a typical fine grained structure while Fig. 4 
hows the presence of a few relatively large com 
pound crystallites. It may be questionable whethe: 
the compound crystallites were formed during the 
removal of the sample prior to quenching or whethe 
uspended solid. Since 
it only required about 3 sec to remove a sample and 
beheve that the crystallite 


uspended material 


these were initially present a 


quench it, the author 
were probably present a 
Table I Rive a 
nium in zine as determined from the analy 
molten Zn-U_ bath, 
temperature 


ummary of the solubility 


loys dipped from the 
cribed previously, at variou 
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119 «to TOO C. These 
than those reported by 
Kaufmann and Isserow 
pet U as the solubility at 
determined by 


Hayes and Gordon pave 
500 C. Kaufmann’ 
centrifugal 


values are generally lower 
Hayes and Gordon’ and by 


2 
values, 
eparation of the solid 


and liquid in equilibrium, are 0.15 to 0.29 pet U at 


00 CC. 4.0 pet U at 680 C, 


The last two values are 
corresponding value 


obtained in thi 


and 4.2 pet U at 700°C 
omewhat larger than the 


investigation 


Determination of Compound—The work of pre- 


lous investigator had 


ompound at 90 atomic 


rhis composition correspond 


mula UZAn 
The 


author 


indicated an intermetalhe 
pet Zn (286.8605 wt pet U) 


to the empirical for- 


metallographic observations con- 


firmed the existence of this compound, A two-phase 
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‘ be 5 


Fig 3--Zn 012 wt pet U alloy, quenched 
trom 600°C, CrO. Na SO, etch 
Reduced approximately 10 pct for repro 


duction duction 


alloy wi observed at 24.55 pet U, but a 28.77 pet U! 
alloys i found to be one pha ‘ An alloy of 29.55 
pet l », consisted again of two phase 
ibservations also indicate that the olubility 
of zine and uranium in the compound is very limited 
and certainly te than 0.7 pet 
\ single 1 tal of the compound UZn, was ob 
tuined by preferential di 
ofa Sd pet U alloy. Wei 
howed the 


olution of the zine matrix 
enberg patterns of this ery 

compound to be hexaronal ym 
with unit cell constants a BODA 
Powder X-ra 


allo on both if the compound 


Patterns for allor below 


diffraction pattern 


iposition were taken 
U were indexed eessfully on bust 
of tha xagonal cell and that of pure 
for allo 
is of the hexavonal cell and that of pure ur; 
Phe structure of UZn, is being determined by C 
Vold of the Ames Laborato Phi 
refined cell constant will be reported in a future 
Thermal analyses of allo in the region of the 
compound composition, carried out by the procedure 
described subsequently est 1050° +20 C as the 
point of UZn, However, vapor 
indicate that at ua pre ure of 


above pet were mdex 


includin 


WoTK 


ruent meltin 
tl measurement 
atm the compound decompose into zine vapor and 
urantum-rich liquid at 945° * ; No evidence 
us found tor the existence of any r intermetal 
he compound in the system 
Thermal and Metallographic Analyses 
used for thermal analyse were prepared a na 


Pable I! alloy 


metallu y technique described previously were 


ented uf prepared by powde! 
heated at 550 C for yu riods of a lone u two week 
No other homogenization 
The alloy (20 to 


Cup ule 


prior to thermal analyse 
treatment was employed 
each) were sealed in evacuated 
oximately 25 cuem volume. Considering the ma 
imple, the volume of a capsule, and the vapor 

ire of zine at temperatures of interest, the 
inge in the composition of j of these alloys due 
fo volatily 


than pat 


ation of zine can be estimated to be Ik 


Both the magnesia cruciblk and the 
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Fig. 4—-Zn 3 38 wt pct U alloy, quenched 
from 700°C, CrO.Na SO, etch X250 
Reduced approximately 10 pct for repro 


Fig. 5—Zn-29.55 wt pct U alloy, quenched 
from 1100°C, showing UZn. dendrites in 
eutectic matrix, unetched. X75. Reduced 
approximately 10 pet for reproduction 


lica capsules had a small indentation in the bot- 
tom for receiving the junction of a Chromel-Alumel 
thermocouple. The thermocouple wire used was cal- 
brated by the and the thermocouples were 
checked at the meltin Differen- 
tial thermal analyse heating at 5 C per min and 
Heating wa 


upplier 
point of pure zine 


cooling at 4 C per min, were taken 
carried out in a Kanthal-wound furnace 
Whenever possible, alloys were examined micro- 
copically both before and after thermal analysis 
Standard grinding and polishing techniques were 
ised in preparing alloys for examination. Identifica- 
tion of the 
vided by microhardne measurements. The result 
and metallographic examination 


various phases and constituents was 
of thermal analysi 
are summarized in Table II 
rhe melting point of zine was taken a 
as reported in Metals Handbook. Alloy 
up to 27.6 pet U (1 to 7 in Table I) all gave thermal 
arrests at 419° + 
hows the microstructure of a 24.32 pet U 
7 in Table Il) following 
typical of alloy 


419.46 C 
containing 


thermal anaiysis 
This microstructure 1 containing 
from 0.025 to 28.8 pet U. The twinned matrix wa 
dentified as very nearly pure zine by microhardnes 


econd phase is the intermetallic 


measurement The 
compound, UZn 
The microstructure of a 38.17 pet U alloy (No. 10 


n Table IL) 1 hown in Fi (a typical of that of 
"88 to 42 pet | The cleat pha eC Wa 
microhardne measurements as UZn,, 


alloys from 
dentified by 
being UZn,-l 
microstructure of the 41.54 pet U alloy (No 

Table I) 

The phase 

re UZ 

eutectic horiz 


eutects 


hown in Ff a eon to be a 
identified ) X-ray 
and uranium mean tempera- 
ontal is 944° +5°C. The 
in the range of 


powder 


ture trie 


composition of the eutect! 


liquid 1 
12.07 0.05 pet 

Alloy in the composition range from 47 to about 
heated above 1050°C and 
cooled were found to have formed two 


ndicating a region of liquid immiscibility 


which were 


an enlarged photos raph of a 70 pet U alloy 
two lave! The top laver of this alloy wa 


TRANSACTIONS AIME 


metry class 
and ¢ BOBA 
lO plist 
lave! | 
how1ns 


Fig) 6—Zn-243 wt pct U alloy, slow 


matrix of twinned zinc’ Etch: one part matrix, 
saturated solution of Na SiF..NaC.H,O 
to one part nitric acid. X250. Reduced tion 


approximately 10 pct for reproduction 


analyzed to be 46.8 pet U and the bottom luye! to be 
99.85 pet U. The microstructure of the 
eutectic plus a small amount of uranium dendrite 
that of the bottom layer was characteristic of the 
uranium starting material. The 
tal temperature is taken from the data in Table II 
to be 1050° + 20 C. However, a marked hysteresis in 
this thermal arrest wa hown by the 
1070° +10 C heating and the 1015 *5 C cooling 
arrests for alloy No 16, 17, and 18 in Table If. In 
the alloy at 45 pet 
was observed but there was no separation of phase 
The arrests at 1123°C in the 60 and 75 pet U 
alloys were weak and possibly indicate that the 


top layer wa 


monotectic horizon 


noted, u 


U, the monotectic thermal arrest 


boundary of the immiscibility gap was crossed 


The mean temperatures for the uranium phase 
transformations for all alloys containing up to 90 
atomic pet Zn were found to be 772°>*5° and 
663° +10 C. A sample of the Ames Laboratory ura 
nium used in this phase study gave thermal arrest 
on heating at 662°C and at 768 C. These values do 
not differ 
from the value 
and Van Dusen 

The results of thermal and metallographic analy 


sis indicated little or no solid 


within the limits of experimental error, 


reported for pure uranium by Dahl 


olubility of zine in 
uranium, This observation is in agreement with tt 
predictions of Raynor 

In drawing the phase diagram the value of 1133 °C 
determined by Dahl and Cleave wa 
the melting point of uranium 

Vapor Pressure Measurements—The boiling point 
curve at 1 atm for the U-Zn system was determined 
from vapor pressure measurements. The vapor pre 
alloys were measured by the dew 
point method of Hargreaves’ and Schneider and co 


pte d “a 


ures of variou 
worke! In this investigation the vapor pre ure 
of pure zinc at any given temperature was obtained 


from the equation 


log,, P, 
1.051 log T—1.255x10°7 


given by Darken and Gu 
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Fig. 7—Zn-382 wt pct U alloy, quenched 
cooled from 1000°C, showing UZn. in from 1050°C, showing UZn. in eutectic 
Na SO, etch X250 Re plete eutectic (UZm, U), CrO,-Na,SO, 


duced approximately 10 pct for reproduc etch 


Fig. 8—Zn 415 wt pct U alloy, furnace 
cooled trom 1000°C, showing almost com 


X250 Reduced approximately 10 
pct tor reproduction 


Fig 9—Zn 70 wt 
pet U alloy, 
quenched from 
1150°C, showing 
zinc rich layer (top 
and uranium layer 
bottom), CrO 

Na SO, etch X4 
Reduced approx 
mately 10 pet tor 
reproduction 


Fig 10--Vapor pressure apparatus used Various symbols 
represent. A, silica thermocouple well, B, cooling gas inlet; 
C, condenser thermocouple junction, D, light source; E, 
evacuated silica tube; F, crucible; G, alloy sample; H, som 
ple thermocouple; |, viewing telescope; and J, K, L, M, and 
N, Kanthal wire resistance elements 
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Fig 11—Plot of log of vapor pressure over each U Zn alloy vs reciprocal of temperature. From this plot the boiling point can 


be determined tor a given external pressure 


\ schematic diagram of the dew point apparatu y inereasing solubility of uranium in liquid 
consisting of furnace thea sample holder and con “i Above 860 C, the plot for the 11.6 pet U alloy 
denser, thermocouple and condensate viewing sy a straight line, indicating that an alloy of this 
tem, is shown in Fig. 10. Four strategically placed composition has crossed the solubility curve at this 
thermocouple were used to monitor i thermal temperature in a closed system. Dew points were 

idients along the furnace This arrangement pet also measured for a 21 pet alloy from 850° to 
mitted control of the gradients by proper adjust 1000 C. The plot above 860°C for this alloy and the 
rent f the five independently powered Kanthal 26.6 pet alloy shows a continued change in slope, in- 
esistance furnace windin hown in Fig. 10 dicating a further increase in the solubility of ura- 
In order to view the formation of zine condensat nium in liquid zine 

isure its temperature best, the condensate From the measured vapor pressure of these alloys, 
tricted to a small area j 1 bottom of the 1 atm at 910°C, and the known vapor pressure of 
This was accomplished b pure zine at this temperature, the composition of the 


le vell 
cooling this area with a regulated flow of nitrogen liquid phase may be estimated by the use of Raoult’s 
law to be 14.6 pet (4.5 atomic pet) U. Since the 
The two thermocouple used for the dew point liquid phase is a dilute solution, the calculated value 


‘il uit 


measurements were connected to an automatic, two may be taken as a fairly good approximation 

function, recording potentiometer ino such a way Data taken for a 35 pet U alloy gave a boiling 
that the sample temperature and the difference be point of 945 +3 °C. The boiling point for a 65 pet 
tween the sample and the condenser temperature U alloy was found to be 947° +3 °C. The plot of log P 
were recorded, The apparatus was calibrated with vs 1/T for both the 35.0 and the 65.0 pet U alloys ts 
It was possible to detect the dew point to the same straight line up to 944°C, indicating that 


itv 
these alloys were in the same two-phase region and 


vithin rature chanve oft ho ¢ 
Dew points were observed at a number of tem that there is litthe or no change in the composition 


peratures for each alloy, A plot of the logarithm of of the phases in equilibrium. The curves for the two 
the vapor pressure over the alloy vs the reciprocal alloy eparate above 944 C, indicating that alloys 
of the temperature was made for each alloy. These of these compositions are no longer in the same 
data are shown in Fig. 11. From this plot the boil phase region 
ing point could be determined for a given external The results of the vapor pressure measurements 
pressure are in agreement with the thermal and metallo- 
The dew pot r ei of two U-Zn alloys, 11.6 vraphic data and were used in constructing the 
ind 26.6 pet U, were observed at temperatures from phase diagrams, Figs. 1 and 2 


600° to 1000 C. These points approximate a single 
curve when plotted as log P vs 1/T up to 860°C, in Acknowledgments 


dicating that both alloys are in the same two-phase The authors wish to acknowledge the assistance 
rewion. The slight curvature of this line indicates a of R. W. White and C. L. Vold in carrying out the 
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X-ray diffraction studies and of R. C. Palan in weld- 
ing the tantalum and stainless steel crucibles. This 
work was performed in the Ames Laboratory of the 
AEC. 
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Creep of Single Crystals and Polycrystals Of 
Aluminum, Lead, and Tin 


The activation energies for high temperature creep of single crystals and polycrystal- 
line specimens of high purity aluminum, lead, and tin were determined by the technique 
involving the effect of abrupt changes in temperature on the creep rates. The data re 
veal that single crystals and polycrystalline specimens have the same high temperature 
activation energies. Furthermore, the activation energies for grain boundary shearing in 
aluminum and tin are equal to the respective activation energies tor creep. 


by C. D. Wiseman, O. D. Sherby, and J. E. Dorn 


| preree has shown that the total strain obtained 
during creep of aluminum polycrystals arise 

exclusively from the mechanisms of 1) microscop! 

cally observable slip, 2) subgrain tilting, and 34) 
grain boundary shearing. Extensive analyses, how 
ever, suggest that the high temperature 
metal polycrystals is controlled by a single thermal! 


creep of 
activation process These somewhat contradictory 
observations might be reconciled if it could be shown 
that the activation energies are identical for each of 
the mechanisms isolated by McLean. Such identity 
of the activation energies, of course, would demand 
that the same unit proces: 
of each individual mechanism 
tions the activation energies for 
metal crystals and polycrystalline 
for grain boundary shearing should be identical 
This paper is primarily concerned with the po 
sible identity between the activation energies for 
high temperature creep of single crystal and poly 
crystalline metals. In addition, comparisons will 
also be made between the activation energies for 


controls the functioning 
Under these condi 
creep ot ingle 


agprepates and 


creep of single crystals and polycrystals with pre 


viously reported activation energies for grain bound 


ary shearing.”~ 


Materials and Techniques 
The same high purity aluminum, lead, and tin 
were used in the creep tests for single crystals and 
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polyerystalline agprepate Single erystals of alu 


ininum and tin were prepared by the strain-anneal 


technique, whereas lead single crystals were pre- 
pared by growth from the melt 

The tensile creep stre was maintained constant 
by Chalmers-Andrade 
Strains were measured to 


rack and pinion type extensometers, and tempera- 


parabolic-type lever arm 


+ 0.0002 in. per in. with 


tures were maintained to within *+0.2°C of the re- 


ported values by mereury-thermoregulated resist 


ance-heated silicone oil bath 


The previously reported unambiguous technique 
for determination of the activation energy for creep 
was employed throughout this investigations ’ It 
mall changes in tempera 


involves periodic abrupt 


ture during the course of creep, accomplished by 
rapidly replacing one creep bath at temperature T 
by a second bath at T. The abrupt change in creep 
attending the abrupt change in 
temperature is due exclusively to the change in 
and the substrue 


rate from e«, to « 


temperature, since both the stre 
ture are identical the instant before and the instant 
after a change of temperature. Therefore, all othet 


factors being identical 


Rin 
1 1/7 


where SH 1 for creep and R 


the va 


the activation energy 


constant 


Results 


of the creep rate vs creep strain 


Typical example 


data during temperature cycled creep tests of single 
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\ve 


dows 


the 


58 


on the 


and tin 


iq | Effect of temperature creep rate of single 


rystals of aluminum, lead 


land 2 


aleulated 


random 
Ihe 


of lead ane n ib ons of 
lerat even ovel 


const hown by the 
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Fig 2--Eftect of temperature on the creep rate of 
polycrystals of lead and tin 


Fig. 2. Undoubtedly, 
of Greenwood and 


typical example given in 
parallel those 

Andrade” on the creep of lead 
Feltham 


Wa 


these observation 
Worner’ as well a 
polyery tals and those of 
In these 


acceleration of 


on the creep of 
shown that the 
wa 


tigations it 
the 
tallization, 


period creep rate accom- 


followed by a typical 
No effect 
tal- 


creep 


panied by reery 


primary age of decelerating creep rates 


train-hardening and recry 
on the 
this inve 
the previously 
activation energy for 


hardened state 


of such successive 
activation energy for 
This observation 
documented results 


insensitive to 


lization processe 
was detected in tigation 
pond to 
that the 


the train 


creep i 


Discussion and Conclusions 
Table I 


temperature 


The reveal that the ac- 


tivation 


data recorded in 


for high creep of 


Table | Average Activation Energies for Creep of Aluminum, Lead, 


and Tin 


Grain Boundary 
Shearing 


Creep of 
Single Crystals 


(reep of 
Volyerystals 


it No. of Tests it Ne. of Tests it Reference 


7.000 

1000 

19.000 

ren 


21.000 
reference 10 


e 5 
reported value of 
reported i 


with those for 
Furthermore, 
with those for 

uggest that 


metal eryvstals coincide 


of polyery 


creep 


talline aggregate these 


also agret grain 


The result 


uctivation energie 


boundar hearing grain 
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espectivel The activation ere ‘ 
from the extrapolated value of the creep rate im 
change im temperature are also recorded the 
An example of ich data for polyerystal 
lithe Vil omitted nee thi ha been 
Maat test vere run in an attempt to 
Metal 
mcertain whether the observed variation nactiva 
tion ht represent real trend vith strain 
or Whether they merely represented cattes 7 
ia in) fron ome unknows ourcee est re 26,000 24 
2:1 22 8 
vealed that there neo tematic variation of 
wtivation ener With eithes train or creey tre © Gat — oa ref 
in harmat vith previous eported esult rt Ae with the previot 
ed te ste techy que a 
wetivation obtained n th in 
acti — 


SI ne etivation 
boundary shearing arises from crystallographic Dern: 


ers ‘ pe ture re« Prurit Aluminun 
mechanisms of deformation in the vicinity of the IME 1 95 2 pp ) or Metats, Oc 
grain boundary, in harmony with previous obser- we — ' tivation Energies for 
vations cep on m in Act 
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Magnetic Method for the Measurement Of 
Precipitate Particle Sizes in a Cu-Co Alloy 


Extremely small ferromagnetic precipitate particles in a nonmagnetic matrix behave 
like a paramagnetic substance of very large moment. Magnetization curves of such sub 
stances can be used to determine precipitate particle sizes and size distributions. By 
this means the precipitation of cobalt in a 2 pct Co-Cu alloy has been followed, the 
effective particle radii growing from 12 to 70A with increasing aging time. The cobalt 
particles are shown not to be hexagonal, but rather to be either spherical or plate-shaped. 


by J. J. Becker 


EAN has discussed the magnetic behavior of lapnet 


ization only by rotation of their entire map 
on iomoment. As assemblage of such particles ha 


point out ‘ remanence which 


mixtures of small ferromagnetic particle 
the order of 20 to LOOOA in diam. As he 
there are three size categoru with 
propertie 


is a large fraction of the satu 
characteristic ration of the assemblage: its coercive force is on the 
of 2K/1,, where K indicates magnetic aniso 
1) Particles large enough to contain many fer! Zz from i ource, and IT, is the saturation map 
magnetic domains magnetize initially by the motion ubstance of which the particle 
of domain wall The initial susceptibilits 


particles, if domain-wall motion is assumed 

perfectly easy, depends only on their shape 

equal to the reciprocal of the demagnetizir facto neti ui thermall aus first pointed out 
(and ts thus “42 for a sphere) and independent of i 

temperature 


2) Smaller particl find it enerys 


il] smaller continue to 
but the direction of their mag 


remanence and no coercive 
temperature-dependent map 
ramapnet ubstance with 

desirable to contain domain boundaries 


calls thi uperpara 
alway pontaneously saturated, and reve 


kind of behavior a! observable in 
J J. BECKER, Member AIME, is associated with the Research allo , iw of a precipitate f ferromagnet 
Laboratory, General Electric Co, Schenectady nh; in a nonferromagnetic matrix. Fig. 1 show 

TP 4394E. Monuscript, Apr. 25, 1956 Cleveland Meeting, Octo a typical aging curve for the room temperature co 
ber 1956 


a sample of 98 pet Cu-2 pet Co alloy 
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D. McLear Creep oe ‘ j ce e-G ed Alu i j N ! 
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Fig | Graph plots change im coercive torce with annealing 


time at 700°C 


treated at 1O10 


Phe rise of the coercive forces 


and quem hed 


wtesponds to the best 

domain permanent maynet behay 
on, an inereasing number of large: 
ve force multidomain partiel formed 
few minute before the appearance 


Hnence or coercive thy particle 
The uscepti 


used to measure thei 
a mall ; uw radius of about LOA 


at 650 vhich extended the 


annealing 
total of approximate! 
LOO) rain Thy paper illu ‘ the kind of informa 
ion whiel ) ity about the earth live 


from relative 


urement 


Superparamagnetism 
paramapgnetism, an assemblaye of 
the atoms of a paramagnetic pa 
moment considered in thet 
nan applied field H. The tendens 

moments to line up with the field 
i f all orrentations of 
field are permitted, the magnet 


the classical Lan vin 


Vil 
kel Mi 


coth 


the aturation magnetization of 


the Boltzmann constant ind 7 


Phe initial ceptibrlits 


u) 


At room ten perature | on the order of 
ubstanes usuall iwated If, however 

more atoms with 
coupled, and did not 


bye accord 


piarticl 


[3] 


particle, and I. us the 
ubstance of which 


ons could then be ob 
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observed just thi 


function 


Elmore’ 
uspen- 


erved at ordinary temperatures and fields 
behavior in a colloidal 
ion of FeO, and was able to calculate the mag- 
the particle size 
and gases, 


netic moment per particle and thu 
Paramagnetic solids, as well a 
obey the Curie relationship 


liquid 


ometime 


c 


“iver above or, more generally, the Curie-Weiss law 


= J [9] 


tationary and only its mag- 
remains the same 
umed. In a solid alloy 


If the particle remain 
netization rotates, the analysi 
if no magnetic ani otropy 1s a 
a ferromagnetic precipitate in a nonferromag- 
netic matrix, the magnetic moments of the indi- 
vidual atoms in each particle are visualized a 
trongly coupled by exchange forces. Thermal agi- 
tation causes the total magnetization of the particle 
individual atomic 
remaining parallel 


than the exchange 


to fluetuate in direction, the 
moments within each particle 


In other words, kT is much le 


Table |. Aging Times 


amulative Cumulative 
Time, Min Time, Min 


energy, Le, the particle is well below its Curie 
temperature. The magnetization of a particle hav- 
ing magnetic anisotropy will still thermally reverse 
rapidly if the energy barrier to rotation of the mag- 
netization represented by the anisotropy energy 1 
mall compared to kT 

The two conditions necessary for superparamag- 
netism are 

1) The particles must be small enough to fulfill 
the criterion for single domain behavior, which 1 
ociated with introducing 
tructure ts 


that the energy 
au domain boundary or related 
than the resulting decrease in magnetostatic energy 
Kittel give of about 10° em for 


al 
preate! 
Maximum radiu 
particles must also be small enough so 
thermal reversal 1 


limit for permanent 
Neel’ 


relaxation time for 
ets a lowe ive 


domain behavior expression 


VK 
exp| [6] 


a frequency 


condition 


Here is the relaxation time, and f, 1 
factor on the order of 10 If the condition for su- 
than 


perparamagnetism | i relaxation time of le 


100 see, the condition on the particle we | 
0.05 |7] 


Conversely re f superparamagnetic be- 
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0,000 
then aged at 700 
hie ‘ magnetic, eleetrica wid echanica 
of ‘ ‘ Gee er ! 
to its peal 
for 
mein 
During th 
ofan rer 
ni 
dow! 4 15 
6 9 
it It 
11 75 
iz 85 
7 14 130 
of precipita thi 
In 
wl 
euch of 
of the purtiet 
Opposed b thy 
thies nt 
ition 
[1] 
olute temperature | mall Th 
magnet sing 
4 

3 
break up onto domains, 

MIA = 
ituration marenetization of tl 
itis made. Large 


° 


T OR DEFLECTION 


Fig. 2—-Graphs plot detinition of H, and H, 


Fig. 3—Graph plots 
assumed volume dis 
tribution 


Fig. 4—Graph shows 
curvature of H/T 
plot 


vield ome information about the aniso- 
will be shown 


havior 
tropy of the particles, a 

The measurement of particle size 1 
through Eq 2 and 3. Eq. 2, although derived here 
for particles with no anisotropy, | 
a random distribution of particle 


accomplished 


also correct for 
having uniaxial 
anisotropy. The volume is most conveniently mea 

ured in terms of the field H,, defined in Fig. 2. The 


expression for the volume then become 


3kT 


or, if there is a paramagnetic Curie temperature 


3k(T — @) 


LH 


If there is a distribution of size the magnetiza 
tion curve will be different. If the effects of the 
individual particles are additive, the magnetization 
curve can be calculated from an a 


individual 


umed distribu 


tion by umming the magnetization 
curve The initial 

by the largest particle 
netize, and the approach to saturation by the 


having volume be- 


usceptibility is most affected 
. which are the first to mag 
mall- 
est. Consider those particle 
tween V and V + dV, occupying a volume fraction 
{(V)dV of the total particle volume Their mag 
netization, dl, in a field H is a fraction of their con- 
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tribution dl, to the saturation of the assemblage 


Which is given by 


dl 


10 
dl 3kT [10] 


small H, where 


dl Li(V)dV 


Integrating over all volume 


| 


Let all the particles have volumes between V, and 
V., and the volume fraction be independent of vol- 
in Fig. 3. Then A in Fig. 3 is 1/(V, vals 


ume, a 


inet 


[13] 


and hq 12 become 


Similarly, for large H 


dl ' kT 
dl I.VH 


[15] 


kT In(V./V,) 
[16] 
| Lil \ V 


Eqs. 14 and 16 can be expressed in terms of H, and 


H,, which are defined in Fig. 2, a 


[17] 


For comparison 


From measurements of H, and H, and Eqs. 17 
18, both V. and V, can be determined. In these 
the curvature of the 1/H plot (Fig 
mall particles are 


periment 
typical) suggests that some very 
present and V, can be taken to be zero The volume 
deduced from the initial susceptibility using Eq. 19 
is then half the maximum volume. It is conveniently 
radius caleulated for 


volume. The exact 


characterized by an effective 
pherical particles of equivalent 
form of the assumed 


affect the order of magnitude of the result 


volume distribution does not 


Experimental Procedures, Calculations, and Results 
The specimen was a '4 
It had previously been swaged from the 
casting and held at 1050 ¢ for 10 hi 
analysi howed that it 
weight: the balance wa 
heated in nitrogen to 1O010°C 


diam rod in 
original 
Chemical 
contained 2 pet Co by 
Coppel 

The specimen wa 
for 10 min. The bottom of the 
NaOH solution, into which the 
pecimen was quenched. In thi 
olution ince the 


vertical furnace tubs 
dipped into an iced 
condition the cobalt 
was practically all in magnet 


ization measured in 10,000 oersteds at room term 
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for 
Lil V, + 
[14] 
3k 2 
v, 
and 
4 
ale _ 
kT In (V./V;) 
H, 
single size give 
H 3kT l 119] 
I \ 
kT ] 
H, 20] 
I V 
V [8] 
_ 


ary in this method only to deter- 

er deflection corresponding to satu- 

oil need not be calibrated After Test 7, 
and coercive force began to appear at 
with further annealing time 

no longer superimposed 

Test 14 showed reman- 


ve force at room temperature 


Discussion of Results 
its on the foregoing alloy 
predicted by Néel and chris- 
m by Bean 

ration magnetization of the sample 

ure of the total volume of precipitate, 

its composition is constant. Even at 

the aturation magnet- 
already near its ultimate 

is consistent with that deduced from 
slubilit limit at 650 C using the phase 
Tammann and Ocelsen ee Fig. 6a. The 

ticles are the most difficult to saturate 
tion measured for them is most likely to 

timate. Thus, these experiments appeal 
throughout with the re-solution and 
he constant amount of precipitated 

2ZOOU-tur 
« distribution, as the above implie 

o down to the lower limit of the meas- 

nethod in all cases, 1. ome particles are 

ins 
effective particle radius can be mea ured 
increases with time, as shown in Fig. 6b 
particle volume increase 
data is analyzed in thi 

since no remanence or coercive force wa ob- 
i at room temperature until the particle had 
ched a radius greater than 69A, the magnetic 
applying the Neel criterion (Eq. 7), 1 
per cu cm at 300° K. At 77 °K, 
agnetism persisted up to a radius of 37A, 
upper limit of 10° erg per cu cm Both of 
are about 15 pet of the crystal anisot- 
xavonal cobalt at the corre ponding tem- 
Pherefore, the precipitate d cobalt cannot 
onal. It is probably tace centered-cubic 
cobalt is face-centered-cubic above ap 


100 C with a lattice pacing closely 


plotted 

in 
usceptibil 
mwed irre 
about 


Ihe 
nelucde 


MINUTES 


Fig. 6—Graph plots change in saturation and effective parti 


ad hown in 
cle radius with aging time at 650°C 


and hi the lected 
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‘ lefined, it 1 
ne the fl 
ition: the 
emanence 
/ i7 K, botl 
/ i fie rmuvnet 
whee 
‘ 
gt 
Fig 5 Graph shows magnet 
cattare Nis of 
for complete precipitat 
coated with MgO, wra 
heated in a noninductive 
(ineludiu ibout min 
mn plete mn 
iM teul weve faken iat 
liquid nitrogen b ob 
connected to 
of an electromagnet 
moved trot roertes 
culibrated t rod 
ed with cla 
reproduced within 2 to 
Atte the f ft annea 
! i tev al ul 
of the precy teat 
Nia thy 
neretnent it Hoo ¢ il 
cul ‘ Vil 
il wcumulated a 
iver 
From each muapnet 
prorat vere plotted a 
thelda t 
ti te ti 
toa ul 
LOA in neu enough to saturation It 
there i distribution which por down to zero size 
the I/H plot neve entirel traighter out a 
even inh Cuse of thre particle vere vel] 
the limitin ive and the aturation deflection P 
hould not be off b more than a tew pe cont. even 7 Ye 
thouvh a litthe curvature I/H remain 
Phe pu of marenetization curve ut and 
‘OOo K for Test 1 througt ‘ uperimpe ed quite 
Closel vhew auvainst H tb { cal 
he » Plot f the reciprocal of 
thie nitial \ for each of the pat 
of curve ! ilar paramagnetic Curt ter 
aft 10 K Phu the mate al anus 
4 b 
approximate! 
thie nteractior 
volurne Vis Cunt 
the small correction. [, was taken a the saturation 
of pure cobalt Vetuall I. for the precipitati 
cobalt-rich phase is probably closer to 90 pet of that % 4080 60% 00 90 100 20 
of pure cobalt I} correction would chanve the 


matching that of copper. Sucksmith and Thompson 
have measured the anisotropy constants of 
cobalt above 500°C and state that K, varies with 
temperature as exp (—aT’). An extrapolation of 
their data on this basis suggests a value of about 
2x10° for K, and approximately the same for K,. at 
the temperatures of these tests. However, the energy 
barrier for rotation from one «111 
adjacent one via a —110 only K,/12 
K./27, or about 2x10° erg per cu cm. This is not 
inconsistent with the cobalt 
tructure postulated here 

6) The Néel criterion (Eq. 7) 
well to 


cubl 


direction to an 
direction 1 
face-centered-cubi 
apples equally 
hape anisotropy, which must also be I 
than about 10° erg per cu cm. Thus, if the particle 
are rod-shaped, then ANI,, where AN is the differ- 
ence between the transverse and longitudinal de 
factors, must be le than 10°. For 
ellipsoidal rods, the short and long axe 
to differ by no more than 10 pet 


magnetizing 
would have 
corresponding to 
a nearly spherical shape. Alternatively, the particle 
could be shaped like flat plate 
ume, with SN corre 
of the plate 
pherical or decidedly plate-shaped 

7) The very low 
tures show that the appearance of remanence and 


of equivalent vol 
ponding to rotation in the plane 
ulmost 


The particles are thus either 


paramagnetic Curie tempera 


coercive force is due to the largest particles becom 


ing permanent magnet single domains, and not to 
an interaction among the particles themselves 
8) It ha uggested that the atoms in 


the surface of a ferromagnetic body 


been 
experience a 
weakened ferromagnetic coupling because of a dearth 
causing a ferromagnetically dead 

thick. This is not the case in 
If the fact that the 
only 0.8 time 


of near neighbor 
layer several atom 
aturation of 


the ultimate 


these experiment: 
the 25A diam particles 1 
value were entirely due to 0.2 of the cobalt being 
thickne 6, then 
then LA, about a 
might 


tied up in a surface layer of 
(25) 0.8 (25 + 26) The 61 
third of an atom thickness. Thi 
a weakened 
atoms, but it is certainly not a nonferromagnetu 
layel 

9) Bate, Schofield, and Sucksmith 
alloys of this kind a temperature- 
magnetic behavior at a stage of heat treatment prior 
to the onset of permanent magnet behavior. They 
attribute this to the state of aggregation pror to 
im the 


represent 


interaction over the urface 


‘ observe in 
dependent para 


that sufficient for ferromagnetism, ense that 


not vet have enough like 
Thu 


ceptibility due to 


each magnetic atom doe 


neighbor for ferromagnetic coupling they 


peak of the initial increase of 
the aggregation of ferromagnetic atom he ult at 
this kind might rather be due to the 


magnetic behavior of the precipitate particle 


uperpara 
them 
elyve each particle containing an ample number 
coupling, but being so 


total magnet 


of atoms tor ferromagnet 
mall that thermal agitation causes it 
ization to fluctuate rapidly in direction 
10) The number of particl pel 
about 10° for Test 1 and 10° for 


center thu 


eubie centi 
Test 13 
Varie 


meter 1 
The average 
from 10 
efficient of cobalt in copper a 


pacing of particle 
Taking the diffusion co 
equal to the elf 
copper, or about 2x10 at 
bulk diffusion to be the 


factor in all these experiment 


em to 5x10° em 


diffusion coetticient for 
650 C, there is time for 


controlling 


Conclusion 


The magnetic behavior change resulting from 


ize in alloys consisting of a ferro 
matrix 


changing particle 
magnetic precipitate in a nonterromagnetic 
begin with the 
of the smallest size Thi 


to measure particle 


uperparamagnetism characteristic 
behavior can be utilized 
down to LOA radius, and 
amount of subsidiary infor 
hould be of 


of the early 


yields a considerable 
mation. The 
in obtaining data on the 


technique vreat usefulne 


kinetic tape 


of phase transformation 
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Rhines 


} pe an effort to obtain a better understanding of sin 
tering in the presence of 
decided to tudy 


a liquid phase, it wa 


the rate of capillary rise of a rela 


tively low melting liquid metal in a higher melting 


metal powdet compact By a uminy that the metal 
powder compact consists of a great number of pat 


that the flow of liquid 


J capillary tube and 
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SQUARE ROOT OF TIME (SEC *) 


Fig |--Height of capillary rise as a function of time for 


liquid copper im a column of presintered tron powder 


OF 


a 
TIME OF PRE SINTERING (HRS) 


Fig 2--Change of slope of the infiltration curves with tune 
of presintering at 875°C 


Fig 3—Micrograph of presintered won powder infiltrated 
with copper Powder was presintered 10 hr ot 875°C. Powder 
size was 100 to 120 mesh Etched with ammoma peroxide 
x150 
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through these tubes follows Poiseuille’ law, a rate 
equation can be derived 


7 47 


h 


where his the height of rise of the liquid in the 
metal powder compact, r. is the average capillary 
of the compact, y is the liquid-gas surface 
the lower melting component, t is the 
2/n is a correction factor accounting 

bending of the capillaries in the compact, 
the viscosity of the liquid metal. This ex- 
ession describes a parabolic relationship between 


time and height of rise 
The experimental investigation was conducted at 
1098 C in a hydrogen atmosphere by allowing liquid 
copper, saturated with iron, to rise In a column com- 
posed of partially sintered iron powder of nearly 
iniform particle size, for example, 100 to 120 mesh 
lhe powder was placed in iron tubes, 0.6 em ID by 
12.6 em in length, and was presintered for a series 
of times. Infiltration was brought about by inserting 
the tip of the iron tube 0.7 em into the liquid copper, 
after allowing 15 min for the tube and presintered 
powder to reach 1098°C The capillary rise was 
topped at predetermined times by raising the sam- 
ple quickly into a water cooled coppe! tube in the 
ipper end of the furnace The height of rise was de- 
termined by sectioning the sample lengthwise 
The rate of capillary rise, as observed in 120 sam- 
ples, was found to be parabolic within the time in- 
terval studied. This is illustrated in Fig. 1, which 
the height of rise plotted as a function of the 
root of time. These results were obtained 
100 to 120 mesh powders, presintering 16 hi 
875 C and infiltrating for times of 1 to 7 see at 
1098 C. Since the rate of capillary rise is a function 
of . r. the rate should vary with the degree of pre- 
interinw in the same manner as density varies with 
presintering. The change of slope of the infiltration 
curves, ong of which has been given in Fig. 1, with 
presintering time at 875°C is shown in Fig. 2 The 
maximum in this curve may be presumed to cor- 
pond to a maximum in r,. A density change of 
this kind is frequently observed in the sintering of 
metal powder 
lo obtain an experimental value of the capillary 
idius. r.. the number of iron particles in unit area 
in average cro ection was counted, Fig. 3. The 
interparticle area was measured by lineal 
and was divided into a number of segments 
qual to twice the iron particle count; this assumes 
packing of the iron particles. These segments 
further assumed to be identical circular areas 
and their individual radius r. was computed from 
ndividual area Using a value of 1235 erg 
the urface tension of liqu d copper 
ven at 1098'°C and a value of 0.038 
viscosity of liquid copper at 1098°C, 
the computed height of rise of liquid copper in the 
compacts in unit time is approximately 1.5 
that observed 
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Control of Strain Aging in Alpha-lron 


The principles of strain aging are described in terms of the Cottrell theory. It is deduced that 
the practical control of strain aging must come through control of the effective amounts of carbon 
and nitrogen in solution. Existing control methods such as precipitation through alloying or heat 
treatment are reviewed and their deficiencies described. Experimental results for a series of alloys 
containing carbon and nitrogen show that only carbon strain aging can be eliminated by heat treat 


ment 


The use of titanium, aluminum, vanadium, and boron as alloying elements for the control of 


nitrogen strain aging is examined. All of these elements are effective but for economic reasons boron 
additions appear to offer the most promising practical solution to the problem of nitrogen strain 


aging in steels. 


by Eric R. Morgan and J. C. Shyne 


TRAIN aging is the name given to time-dependent 
in the properties of cold 


torage These 


changes which occur 


worked metals and alloys during 


changes are best observed through a 
illustrated in Fig. 1 for low 


tudy of me 


chanical properties, a 
carbon steel 


The effects of regarded 


strain aging are usually 
us being detrimental, particularly in deep-drawing 
tee! For example, an increase in yield strength 
and lo in ductility lead to buckling and tearing 
At the same time the return of the 
in the formation of Luders band 

during the pressing 
effect 
train aging from low-carbon 


during drawing 
yield point result 


operation 


have 


tretcher train 

As a result of these 
been made to eliminate 
teel. The problem still remain 
all known methods of preventing 


many attempt 


however, because 
train aging result 


in a more costly steel 


The present work is an assessment of the situation 


theoretical 
a new 


in terms of practical, and economu 


factors und suggest olution to the problem 


Previous Work 


Cottrell theory, 
migration of inte! 


According to the train aging in 


iron may be regarded as the 
to free dislocations and the anchoring 
ulting atmosphere It muy 
which will 
vovern the degree of strain aging are the diffusivit 

the effective amount of interstitial element in solu 


titial atom 
of dislocations by the re 
be concluded that the important factor 


tion, and the time of aging. The diffusivities and 


of carbon and nitrogen in 
uch that significant 


torage at room tem 


effective amount olution 
in low-carbon rimming steel are 
aging occurs in a few hou 


perature 
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Ford Motor Co., Dearborn, Mich 
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Strain aging in deep-drawing steels cannot be 


controlled by controlling the time of aging because 
in commercial practice this is determined by eco 
nomic factors concerned with inventories and may 
be several week 

The diffusivity of nitrogen is twice that of carbon 


temperature but the diffusivities can be 


controlling the 


at room 
controlled by 
The retardation produced by 
ignificant but the cold 


temperature 


only a 25 C drop in 
temperature torage of 


large steel inventories is an impractical solution to 


Table |. Analysis of Base Materials 


Alley 


imple and effective 


through control of 
the amount of carbon and nitrogen in solution. Thi 
controlled pre 


the problem By far the most 


wil to control strain apving are 
effected through alloying 
eliminating the carbon and nitrogen 


mia’ bye 
cipitation, ot by 
Consider first the control of the amount of carbon 


alloy 


forming clements are 


in solution. The simplest approach would be 
which trong 
amples of thi 


and niobium to teal "These 


carbide 
approach are the addition 


inh in 
added. Ex 
of titanium element 


also combine with nitrogen and oxygen and when 
added in suffigent quantity result in a completely 


killed and non-aping steel. They are 
because they result in 


however, im 


practical addition uw costly 
teel. Carbon and nitrogen are often removed from 
annealing wet 


ron on a laboratory cal 


hydroven, but because of cost this proce 
been adopted on a commercial scale 


olution 1 


amount of carbon in 


In practice the 
from the annealing 


controlled by the rate of cooling 


(710 C or 1310 °F). In commercial box 


temperature 
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Samples Prestraned 
And Aged 


Elongat on 
Typical tensile test curves for strain-aged steels 


A, unaged, 6, aged with no loss im ductility, and C, aged 
with severe loss in ductility 


location 


that 
jlution can be 
quench agin vtween 120°C 
(572 F) for several hou A 
« could not be adopted with present 
anneal practice bt probably 
modified fort of continuous an 
The question of complete re 
olution ignored 
problem o control 

in solution 
olubilit ol oven and 


nitro n 


effective amount of 
imply controlled | 
element 
and aluminum eliminate 
deoxidi 


expen 


anaudiun 
could reduce 
olution and not produce a killed tee! 
economic ath r to the 
It ha been observed by 
author that boron com 


teel and yet it is not 


the ontro f carbon and 


Iron 


JOURNAL OF METALS, JANUARY 1957 


Alloy Preparation and Test Method 


order to minimize the effect of impurities on 
olubilities and precipitation kinetics of carbon 
nt alloys were prepared from 
electrolytic iron (Plast Iron A 101) and vacuum 
elted in high-purity stabilized zirconia crucibles 
A pressure of 1 » was maintained over the molten 
ron for 10 min in order to reduce the nitrogen and 

hydrogen content to suitable low level 
For alloys in which nitrogen was a required ele- 
ment it was necessary to follow the vacuum treat- 
by holding the molten iron under an atmos- 
phere of helium and nitrogen. The nitrogen content 
of the melt was dictated by the nitrogen partial 
pressure of the atmosphere. All othe alloying ele- 
ments apart from carbon were added 2 min before 
casting into a 2%-in.-diam permanent mold. The 

carbon was added with the iron charge 
The ingots were hot rolled at 1100°C (2000 F) to 
in. squares and then cold rolled to %-in. rounds 
From these bat tandard ASTM 0.250-in. tensile 
amples were prepared. Tension testing was chosen 
t way to follow strain aging because of it 

vity and reliability 

After machining, the tensile samples were an- 
nealed in helium. The majority of samples wer 


Table I! Strain Aging of Alloys Annealed at 700°C 


Aging Condition 


An at at 


iven an annealing cy which corresponded to 
commercial box anneal (see Fig. 2). Those sample 
were quench uged were quenched from the 
‘temperature into water and then aged in 

a recirculating air furnace. The grain size the 

annealed samples was ASTM 5 to 7 

Phe tensile procedure Was to prestrain the 
amples 72 pet at a strain rate of 0.03 in, per in. pet 
nin and record the load-extension curve auto- 
The load divided by the initial cro 

vas regarded as the stre for the purpose 

paper. A prestrain of 7*2 pet wa alway 
ient to exceed the yield-point elongation and 

a homogeneously strained sample. The pre 
train was immediately followed by aging, and then 


the samples were pulled to failure 


The strain-aging temperatures chosen were room 
emperature, 60°C (140 F), and 100°C (212 F) 
Room temperature represents commercial storage 
conditions, while 100°C is used as the temperature 
for commercial accelerated aging t The tem- 
perature of 60 C had been shown by Fast” to be 
uitable for accelerating nitrogen strain aging with- 
out significantly increasing the amount of carbon in 


olution in correctly annealed sample The times 
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\ 
4 \ 
\ 
\\ \ 
cooling takes ove hr with more 
than half of it spent between 320°C (608 F) and 
loo ¢ (212 F) ich low coolimn lead to 
ipo ituration and also probably the formation ofl 
‘ ‘ bide paurticl which are o small that they 
eal olve inf ‘ of formation of 
il oophere Cot 
this mount of 
eatly reduced 
(246 and 
controlot tl 
commercial box 
Vould require 
procedu 
moval of carte 
becntine of the t if 774M 4470 
oof il init ¢ 220) 6420 440 
the facet that the rate of precipitation of nitroven Pot Ma 
b thie presence of manvaness > 42 42.2 42.4 
t 20 994 48 481 
means that the amount of nitroven u olution is at 
one of magnitude reater than the amount 
bee ‘ ‘ ire of the ert 
of carbor olution for most steel esetting the te load ind 
Undoubtedly the control of isthe —@@ 
| in the case of carbo 
| nitroven olution ! 
if alles stron 
| Ke niobium 
frain ain but 
' 
f oroduce killed steel vhich are relatively 
\ more prot ne approach lie n the addition of 
element vhich are not strong deoxidize 
et cal miuce the amount of nitrogen in olution 
ipproach wa proposed by Epstein who 
i if ri} iddition The add 
tie if vanadiun lead to uw noneauing 
pire vhose chief di sivantage the high 
cot thie \ 
found whiel 
nitrogen in 
t would offt 
of 
ht ma 
bines readily with nitrogen Dn 
tron deoxidizel 
Thi obrect of the pre ent work wa to examine 
the relative ethicrenci of the variou uggested 
treatments for nitrogen 


of aging at 60 C and 100°C were computed to be 
equal to 30 days at room temperature for an acti- 
vated process with an activation energy of 20,000 
cal per mol 
The important mechanical properties 

measured were aging index, ultimate 
strength, and elongation to fracture (l-in. gage 
length). Of these properties the aging index, the 
measure of increase in yield strength, is probably 
the most reliable criterion of aging because it should 
be largely independent of grain orientation and 
pecimen surface finish but dependent on the degree 
of anchoring of dislocations 


(Fig. 3) 
tensile 


Experimental Work 


In a preliminary survey three possible types of 


Table Ill. Analyses of Alloy Series 


Other, 
Pet Pet 


0.08 0.0014 0001 

0.07 0 0086 0 0052 

0.08 0 0088 0 0040 0056 
0.06 00018 0 00356 0.039 
007 0 0008 0 0057 , 0.020 
007 0 0105 0.0055 0 020 
0.06 0. 008* 0 .005* 049 
008 0 0026 0 0061 0 006 


sot actually analyzed 


base material were examined for strain-aging char- 
acteristics in the box-annealed condition. These 
were vacuum-melted iron, designated Vac, hydrogen- 
reduced and vacuum-melted iron, designated H, and 
carbon-reduced and vacuum-melted iron, designated 

The variables investigated were thus the carbon 
and oxygen contents. Analyses of these alloys are 
given in Table I 

Typical residual impurities for all alloys of the 
present investigation were 0.002 pet Mn, 0.005 pet S, 
0.006 pet P, 0.005 pet Si, 0.002 pet Cr, 0.01 pet Cu 
0.01 pet Ni, 0.005 pet Mo, and 0.01 pet Sn 

Before strain aging, the tensile samples were box 
annealed at 700 C (1292 F) for 15 hr. The majority 
of the samples showed about 6 pet yield-point elon- 
vation. All aging tests were run at least in duplicate 
and all the results given are average values for the 
test Error 
of the tensile machine between tests amounted to no 


involved in the reading and resetting 


Tempercture 
Tempercture 


20 40 60 80 100 120 
Time Hours 


Fig 2—Box annealing heat treatment 
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Aging 
index 


Stress- i000 psi 


75 75 20 40 
Elongation Percent 


Fig. 3—Typical tensile test curve for strain-aged alloy 


more than 15 Ib (300 psi). A change in the total 
elongation of more than 2.0 pet, as a result of aging, 
can be regarded as significant 

The results of aging tests on the base materials 
are piven in Table Il 

These results show that the sample C, which con 
tained the highest total carbon content, exhibited 
less aging, as measured in terms of aging index, in 
crease in ultimate strength or decrease in elongation 
to tracture On thi basi the carbon-reduced 
vacuum-melted material was chosen as the base 
material for the main investigation 

A nitrogen content of approximately 0.005) pet 
ix alloys be 
cause that nitrogen content represents what might 
tee] as teemed into the 


mold. The compositions and designations of these 


was aimed at in the main group of 
be expected in open hearth 
alloys are given in Table II] 

Samples of each of these alloy 
at 700°C (1292 F), prestrained, and aged 
ults are given in Table IV 

If either elongation to fracture or ultimate tensile 
trength are used as criteria of aging then it can be 
aid that only alloys C, CB, and CN exhibited aging 
Alloy CN lost a significant amount of 
aging at room temperature 


were box annealed 


The re 


tendenci 
ductility in 
If aging index is used as the criterion for aging 
it may be concluded that only those alloys (CNV 
and CNT) containing an alloying element which 
tended to form both a carbide and a nitride 


even day 


were 
free of significant aging. At the same time, alloy 
CNAI, CNB,, and CNB, exhibited | than half the 
aving index displayed by the base alloy C 

On the assumption that alloy CNAI 
from nitrogen lowical to conclude 


that the aging actually 


houid be free 
train aging, iti 
hown in this alloy was due 
essentially to carbon. Similar comments might be 
CNB,, CNB,, and CB 


everal of the 


applied to alloy In order to 
verify thi 


were subjected to quench-aging treatment 


conclusion above alloys 
prior to 
train-aging test 

Cottrell and Leak’ had 
between 120° and 300°C can preatly 


hown that quench aging 
reduce the 
ubsequent strain-aging contribution from carbon 
For the present work a quenching temperature of 
707 C (1305°F) wa used in conjunction with 
quench aging at 205 C (400 F) and 93°C (200 kr) 
For results of these tests, see Tables V and VI 
After quench aging at 205 °C all alloy howed 
considerably le tendency to age than when in the 
box-annealed condition, The change was particularly 


noticeable in alloys C and CB 
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40. 
| 
10} 
Attey 
( 
CN 
CNAI 
CNV 
CNB 
CNB 
CNTi 
CB 
* Assumed ves, 
1400 
+ 700 
1200} 
+600 
1000 
$00 
400 +200 
~ 
200 '00 


Pat 94 produced ; 


tendency of 
adouble que nceh-agi 
allo (CNAI 
disper 
quench-ayved alloy 


Table 1V. Strain Aging Results for Alloys Annealed at 700°C 


“ 
Daye ‘tite Min at 
ates atooe 


Daye 


Alley Vroperty at rye 


440 
mtn 


240 


wltinnate trenyeth and lower duecetilitic 


pencountered in the box-annealed material 
eld point was observed in aged samples which 


ed an aving index of | than 1500 psi 


Discussion 
ult how that it is possible to have 
fostrain aging and that there may even be 
cliscrete teps im the propre of train aging kor 
CNAI, CNB,, and CNB 


after 30 day 


box annealed alloy 
displayed an appreciable aging index 
Without any increase in ulti 
in elongation. Alloy 


howed a more 


it room temperature 
ile strength or decrease 
ort strain-aping period 
rapid change of aging index than change in either 
iltimmate tensile trength or elongation. It is po 

ible that the mechanism responsible for the increase 
in eld strength is different from the 
responsible for the other chanpe 


wld strength 1 ensitive to the 


mechanism 


rouping of carbon and nitrogen 
dislocations and not so affected 
lates tue It 1 po ible that these later 


nvelve precipitation of carbon or 


erpusly 


even 
nitroven at the dislocations and it is this which more 
ly affects the ultimate strength and ductility 
Certain carbon aging was important the 
resent alloy in fact it apparently caused the 
ming of alloy Vac, H, C, and CB in the 
annealed condition. It is particularly interest 

ing to note that the low-carbon alloys Vac and H 
exhibited such work of Wert 
Vhich has demonstrated that the rate of precipita 


carbon from a-iron 


The 
voverned by nuclea 
on, offers a basis for the explanation of the effect 
The carbon content of alloy Vac and H was well 
below the Olubility at the 


temperature and on cooling no carbide 


equilibrium annealing 
could have 
been precipitated until the temperature had dropped 
appreciably. Even when the temperature had been 
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reduced below the solvus for either of these alloys, 
precipitation would have been inhibited by the lack 
of existing carbides. As the temperature continued 
to fall and the critical nucleus size for precipitation 
there would also have been a decrease 
in diffusivity. This factor, combined with the small 
amount of carbon present and available to cluster, 
must have led to difficulty in nucleation, so probably 
Even if some 


decreased 


all of the carbon remained in solution 
of the carbon was precipitated at the lower tem- 
peratures the precipitate particle size would have 
been such that re-solution would have taken place in 
the presence of the free dislocations of the strained 
material. There was thus the apparent anomaly that 
the effective amount of carbon in solution was 
higher for the lower carbon content 

Similar nucleation arguments can be apphed to 
the question of carbon precipitation in box-annealed 

Apparently considerable 
left effectively in solution after 
box annealing. This 1 hown by the high aging 
indexes of alloys C and CB 

Even though many large stable carbide particle 
would exist in alloy C at the annealing tempera- 


higher-carbon tee! 


amount of carbon 1 


ture, and precipitation would be easy above about 


a nucleation problem could easily arise at 
lower temperature For example, at 200°C the 
value of the diffusivity, D, would probably be the 
controlling factor. The average distance X through 
which a carbon atom can diffuse in time t Is given 
by the expression X 2Dt. When D is low the 
carbon atoms can diffuse only a relatively short dis- 
tance during the cooling period, and many of them 
particles on which 


400 


could not find existing carbide 
to precipitate. For this reason a condition would 


regarded as analogous to the 


arise which may be 
problem of precipitation in the lower-carbon alloy 
Vac and H. This may be contrasted with the case of 


quench-aged alloys C and CB, where more carbon 


Table V. Samples Water Quenched trom 707°C (1305°F) and 
Quench Aged 160 Hr at 205°C (400°F) 


Strain Aged 40 Days 
Annealed at 29°C (77°F) 
Total 
Aging Itimate Aging timate 
Index Strength Index Strength gation,’ 
Alloy re rel Psi Pet 


41470 05 1440 
44060 10 42 


44900 ; 46.4 


4200 


wus available in solution to facilitate nucleation 

Nitrogen certainly ha 
train-aging characteristics of a-iron, a 
alloy CN. The strain aging of this alloy was not 
uppressed by quench aging. Nitrogen strain aging 
can be eliminated by the addition of titanium, alu 
However, the effec- 


a profound effect on the 
hown by 


minum, vanadium, and boron 
of aluminum and boron additions can only 


quench-aged 


tivene 


from the strain aging of 
amples where carbon aging ha 
The fact that alloy C showed 


after quench aging implies that 


be seen 
been eliminated 
ignificant strain- 
aging tendencie 
uflicient nitrogen was not removed by the vacuum- 


melting technique employed 
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Further quench furthe: 
eduction mn tre train ill alloy 
except alloy CN Thi iv treat 
ment was so effective f B, CNB 
and CB that they beear 
A rmiivtit tee Kpecte of pre 
Cipitate particle inn thie resulted 
‘ 240 220) 7% 
‘ it ne law 2 
‘ 41800 42000 42050 41700 41560 
qn j ‘ 
‘ rot 7 iz 
cnn ‘ ‘ 20 
(Nl 22 22 2 27 
on 2 m6 
0 
CNA 
eurl CNB 41200 
ston CNB 0 wou 48.2 
boy thee 
| 


While titanium and aluminum were effective in nitrogen. The ductilities of alloys containing boron 


suppressing nitrogen strain aging, they cannot be and nitrogen are better than those of any othe! 
combination 
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Sigma-Phase in Certain Ternary Systems 
With Vanadium 


Six ternary systems with vanadium were investigated by microscopic and X-ray 
methods for the boundaries of the «-phase. In all cases, the «-phase formed a rela 
tively narrow elongated field in the ternary system, connecting with the binary 


u-phases. 


by Joseph B. Darby, Jr. and Paul A. Beck 


everal ternary systems, o-phases that are present in the adjoining binary 
tems. This was interpreted in accordance with 
the conception that the o-phase 1 
pound and the ternary o-phase field 
ral systems’ to extend approximately in the di 


tant average d-shell electron vacancy 


N isothermal sections of 
the o-pha e was found’ to extend in the form of a 


relatively narrow elongated field, connecting the an electron com 


were shown in 


J B. DARBY, JR, Student Member AIME, and P A. BECK, 
Member AIME, are associated with the Dept. of Mining and Metal rection of con 
lurgy, University of Ilinois, Urbana, Ill number per atom 

TP 4373E. Manuscript, Aug. 8, 1955. Cleveland Meeting, Octo However. in the various isothermal 
ber 1956 Fe-Cr-Mo system’* the ternary o-phase field wa 


ections of the 
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fos Bee fee 


Fig. 1—1200°C isothermal section of 
the V-Fe-Co system in atomic per 
cent. The boundaries of the body 
centered-cubic and face-centered-cu 
bic phases are tentative 


Fig. 2—1200°C isothermal section of 
the V-Fe-Ni system in atomic per 
cent. The dashed boundaries are 
tentative 


Fig. 3—1200°C isothermal section of 
the « boundaries in the V-Co-Ni sys 
tem in atomic percent The dashed 
boundary ts tentative 


Fig. 4—1000°C isothermal section of 
the V-Mn-Fe system in atomic per 
cent. The dashed boundary is tenta 
tive 


Fig. 5—1000°C isothermal section of 
the « boundaries in the V-Mn-Co sys 
tem in atomic percent. Dashed three 
phase field corners are tentative 


Fig. 6—1000°C isothermal section of 
the « boundaries in the V-Mn-Ni sys 
tem in atomic percent 


ilge considerably in comparison 

of the Fe-Mo and Fe-Cr binary 
observations were made recently 
tem at 1300°C. In these ternary 

of the 
ternary composition range. At some 


o-phase appears to in- 
tion the o-phase may even melt con- 
and liquidu 
binary o-phases 
taubility of the 
involv- 


ximum in the solidu 

h neither of the 
rently The increased 
rnary compositions in system 
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ing molybdenum is, of course, even more pronounced 


the case of the Cr-Ni-Mo system, where binary 
w-phases apparently do not exist at all and, as far 
as now known, # occurs only as a ternary phase.’ An 
analogous ternary o-phase was apparently found in 
the Cr-Ni-W system also.” It was pointed out’ that a 
difference in Goldschmidt atomic radii of at least 
2.8 pet does not prevent the formation of the o- 
phase, while other factors, dependent on the position 
of the elements in the periodic table, do. For in- 
tance, cobalt forms o-phases with chromium and 
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ruentiy at 
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’ pha eat te 


molybdenum, while nickel, which has nearly the 
same atomic radius, does not. It is quite possible that 
the behavior of molybdenum (and apparently also 
tabilizing the «-phase in certain 
ternary alloys is based on some kind of an electronic 
effect, although the nature of this effect is at present 
not well understood 

Since the band theory of these alloys has not yet 
been developed to a great extent, it is clear that in 
the immediate future the empirical exploration of 
underlying facts will remain an important avenue of 
in this field. In the present work, isothermal 

ix ternary systems with vanadium have 
tigated in order to accumulate additional 


of tungsten) in 


propre 
ections of 
been inve 
experimental material concerning ternary o-phase 


field 


Experimental Method 

The investigation was based on microscopic and 
X-ray study of numerous alloys in the ternary sys- 
tems V-Fe-Co, V-Fe-Ni, V-Co-Ni, V-Mn-Fe, V-Mn 
Co, and V-Mn-Ni. The alloy 
uum induction melting in recrystallized 
crucible The manganese, iron, cobalt, and nickel 
used were of standard electrolytic grade, and the va- 
nadium chips, with an impurity content of about 0.25 
pet, were purchased from the Electrometallurgical 
for the component elements 
, which determine 


were prepared by vac 
alumina 


Corp. Chemical analyse 
were made of a number of alloy 
the location of the ternary o-phase boundaries in 
each system. In all cases, the chemical analyses were 
in quite good agreement with the intended composi- 
tions. Weight losses of the ingots on melting were 
less than 1 pet; in most cases, considerably le 

A portion of the bottom 
homogenized for prolonged periods of time at the 
ection in question 


ection of each ingot was 


temperature of the isothermal 
and then quenched in cold water. The homogenized 
were used for microscopic 
examination and crushed powders from these 
mens were used for X-ray diffraction study. Homog- 
enization was carried out in an atmosphere of helium 

8 pet H., except for the alloys with manganese, 
which were annealed in evacuated and sealed fused 
Immediately after quenching a speci 
men together with the tube, the tube was broken 
water so as to accelerate the cooling of the 
which consisted entirely 
obtained by 
reannealed 


and quenched specimen 


peci- 


quartz tube 


under 
pecimen. For those alloy 
of the very brittle o-phase, the powder 
crushing in a mortar did not have to be 
The britth had undergone practically no 
plastic deformation in preparing the powder, so that 
the X-ray diffraction line harp. Actually, 
most powders were reannealed in evacuated quartz 
tubes at the temperature of the bulk anneal and then 


particle 


were 


quenched. The specimens for micrographic examina- 
tion were etched with the following etchant For all 


than 50 pet by weight manga 


alloys containing le 
nese a 50:50 (by volume) 
acid was used. Where the 
higher, a 10 pet nitric acid 
more satisfactory 

The boundari 


ection were 


wate! olution of nitrie 


manganese content wa 
olution wa found to be 
of the o-phase fields in the variou 
determined by means of 
method. The 


re pre enting alloy com- 


isothermal 
the di appearing 


were drawn between point 


boundart 


pha 
positions containing only o-phase and those contain 
ing small amounts of second phases. The presence or 
mall amount of a second phase was in 


tudy 


ab ence of a 
each case determined by mear 


X-ray 


of microscopic 


diffraction was used only for the positive 
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identification of the matrix phase as o. The occur 
rence of cracks was considered as a characteristic 
mark of microscopk the o-phase, 
ince all the other phase 
brittle. The o-phase 
amounts of manganese 


identification for 
encountered were consid 
pecimens contain 
were found to be 


very difficult to 


erably lk 
ing large 
particularly brittle, so that it wa 
obtain metallographic specimens from these without 


ive cracking 


Experimental Results 
Fis 1 to 6 show the phase boundaries in the six 
isothermal sections investigated, together with the 
of the alloys used. Where the chemical 
available, the composition was plotted 
the intended compo 


composition 
unalysis wa 
on that basi For other alloy 
used. The identity of the phase 
isting with o wa not determined, The 
amount of a second phase was usually too mall for 
detection by X-ray diffraction. A change in the 
microscopic appearance of the second pha e partie ley 
along a o-phase boundary was taken as a tentative 
indication of the occurrence of a three-phase cornet 
In Figs. 1 to 6 these locations are marked by pairs of 
dotted straight lines, each pair schematically repre 
enting a corner of a three-phase field. In Fig. 6, 
A, B, and C, separated by dotted 
changes in the microscopic 


itions were 
in most case 


the areas marked 
traight lines, indicate 
appearance of the second phase 
during quenching in the 
most 


presumably corre 
ponding to transformation 
coexisting with «, so that these 
represent conditions existing at the 
ection (1Q00°C) 


phase area 
likely do not 


temperature of the isothermal 


Discussion of Results 
As evident in the figures, in all six systems the 
o-phase essentially follows the pattern u ually en 
countered in ternary system It 
olid solution fields joining with the binary o-phase 
present. In the V-Mn-Ni ternary system the width 
of the o-phase field at ternary Compositions is con- 


corresponding two 


forms clongated 


narrower than in the 
The ame is true also for the V-Ni- 
hape of the o-phase 


iderably 
binary ystem 
Co system, where the concave 
toward low vanadium content 
with o of a highly 


boundary appears to 


be the result of the coexistence 


tuble second phase The identity of this phase ha 
not been established 
The present result ee Figs. 1 and 2, do not con 


(V,Fe)o at 1200°C, 
us indicated by earlier worke! Instead, at this tem 
in both the V-Fe-Co and V-Fe-Ni systems, 
o-phase field extend to the V-Fe 
hort of it. There cannot be 


firm the existence of the binary 


perature 
the ternary close 
binary system, but stop 
much doubt but that at lower temperatures in these 
all the wat 


a pha ‘ 


two ternary systems the o-phase extend 


across, connecting the two binary 


Summary 
ternar ystems with 
ated for the boundari 


Isothermal ections of ix 
vanadium have been investi 
of the o-phase In all case thie 


relatively narrow elongated field in the ternary 


form 


pha ‘ 


tem, connecting with the binary «-phase 
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Constitution of Nickel-Rich 
Quinary Alloys in the System Ni-Fe-Cr-Ti-Al 


A systematic study of nickel rich quinary alloys of the Ni-Fe-Cr-Ti-Al system has been made, 
confining attention to the 750° and 1000°C isothermals of the pseudo-quaternary section Ni,Cr- 
Ni Fe Ni. Ti Ni Al. Only three phases are involved, the nickel-rich face-centered-cubic primary 

solid solution, the ordered face centered cubic Berthollide --phase based on Ni,Al, and the hexa 
gonal close packed Daltonide, Ti. The ternary face, Ni.Fe-Ni,Al-Ni.Ti, of the pseudo- quaternary 
tetrahedron ts very similar to the ternary face Ni.Cr-Ni.Al-Ni. Ti because of iron replacing chromium 
atom for atom in the two face centered cubic phases, » and. The extent of the +-solid solution 
increases considerably as the temperature is raised, while ~ and ), remain substantially unchanged 
The tie lines linking the » and + -phases radiate uniformly across the » + \ two-phase field of 
the pseudo quaternary tetrahedron. Alloys situated near the Ni.Fe corner of the tetrahedron are 
strongly ferromagnetic. The boundary separating the magnetic from the nonmagnetic »+-phase alloys 
at room temperature is defined by a plane lying parallel to the Ni.Cr-Ni,Ti-Ni,Al face of the system 
and containing chromium and iron in the atomic ratio 60:40. 


by A. Taylor 


ication, the quaternar’ to expect the and - phase to take appreciable 
described in detail and it wi umounts of cobalt and iron into solid solution, In 
allo used for high-temper: the cause of the present investigation it was decided 
ld be construed as consisting of to confine the work to iron additions only. Thi 
Ll by the addition of aluminum clement may be introduced in two quite distinct 
ill amounts. With the Wi 1) as a simple replacement for nickel; and 
the ordered face-centered 2) as a replacement for chromium, titanium, and 
NiAl, could be precipi aluminum, The econd method of iron addition 
centered-cubic prima olid forms the basis of the present investigation, which ts, 
titanium in effect, a study of the pseudo-quaternary system 
ible to NiCr-Ni,Fe-Ni,Ti-NiAl 

tthe hexageo lose-packed For purposes of reference, Figs. 1, 2, and 3 have 
been included and illustrate the quaternary system 
nature of the term it seems reasonable Ni-Cr-Ti-Al described in the previous pape! along 
with sections through Ni,Cr-Ni,Ti-Ni,Al at 750° and 

A. TAYLOR, formerly associated with the Mond Nickel Co. Ltd 1000 C respectively 
Birmingham, England, is now Research Engineer, Research Labora As will be hown below, the pseudo-quaternary 
tories, Westinghouse Electric Corp, Pittsburgh ystem with components Ni,Cr, Ni,Fe, Ni,Ti, Ni,Al 
TP 4374E Manuscript, Jan 5, 1956 Cleveland Meeting, Octo remarkably similar in many ways to the face 
ber 1956 defined by Ni,Cr-Ni,Ti-Ni,Al because of iron re 


72. JOURNAL OF METALS, JANUARY 1957 TRANSACTIONS AIME 


J BB. Dart J dP A. Beck: Intermediate Phases in the Cr 
Syste t 1400°¢ AIME Trar 1955 ol. 203, p. 765, Jour 
KK Laves and Sij Phases of Transition Metals 
J.G t The 1 Greenfield and P. A. Beck: Intermediate Phase mn Binar 
‘ ‘ Certals 1 tion Ele ent AIME 
J OF vie i Febru 1956 
. fl ‘ LSM. Cleveland, 1948 ed., p. 1219 
7 i9 % 
¢ ‘ ent (2 copi« o AIME b Mar. 1. 1957 
I - ppeat LIME 7 V ind in Jo VAL OF 


placing chromium atom for atom in the primary 


pha ‘ 


Experimental Procedure 

The alloys were prepared as 50-g melts in a small 
argon are furnace using selected Mond Nickel pellet, 
high-purity chromium, iron, aluminum, and _ tita- 
nium, analyses of which are given in Table I. The 
mall ingots were annealed in vacuo for a minimum 
period of three days at 1200°C to promote homo- 
geneity and were then water quenched to preserve 
the high-temperature state. After grinding away the 
, representative samples were turned for 
chemical analysis. To establish the 750°C isother- 
mal, fine filings of powder were prepared from areas 
immediately adjacent to the turned portions, and 
were then sealed into thin, evacuated silica capsules 
fitted with a sintered lining of pure alumina. The 
filings were heated to 900°C and then cooled slowly 
from 900° to 750°C over four days, maintained at 
this temperature for the same period to ensure com- 
then quenched into cold 


outer layer 


plete equilibrium, and 
water to preserve the high-temperature state. The 
filings were then X-rayed in a 9.0-cm-diam Debye- 
Scherrer camera using filtered MnKa radiation 

This method gave self-consistent results, but failed 
at the 1000°C isothermal owing to the tendency of 
aluminum to volatilize from the specimens and react 
with the silica capsules. The technique ultimately 
adopted was to soak a '-in. cube of alloy in vacuo 
for 24 hr at 1000°C and quench. After removing 
the outer , fresh filings were prepared 
and sealed in thin, alumina-lined capsules as before 
were then placed in a furnace at 


urface layer 


The pecimen 
1000 C and allowed to reach temperature, the time 
required being only a few minutes, after which they 
were immediately This modified tech- 
found to give reproducible and. self- 
consistent results so that it was possible to establish 
the system by X-ray methods alone, although micro- 
also employed as required 
required to 


quenched 


nique wa 


vraphic examination wa 

The quaternary and quinary alloy 
establish the quasi-quaternary system Ni,Cr-Ni,Fe- 
Ni,Ti-Ni,Al were kept down to a comparatively small 
electing compositions which 
were anticipated to lie just within the two and 
To aid in their selection, a tenta- 
constructed by com- 


number by carefully 


three -pha © area 
tive model of the system wa 
bining data given in the previou 
published data of Bradley and Taylor® and of Brad- 
ley’ on the ternary system Fe-Ni-Al. It was quickly 
realized that the Ni,Fe-Ni,Ti-Ni,Al face of the tetra- 
hedron of the quaternary tem would be, in many 
was imilar to the face defined by Ni,Cr-Ni,Ti- 
NiAl. This considerably lessened the number of 
alloys required to establish the system, which, for 
confirmation, was also investigated on the 


plane defined by Ni,(Fe,.Cr..)-Ni,Ti-NiAl 


paper, and the 


median 


Results and Discussion 

X-ray diffraction patterns with occasional micro 
graphs proved quite sufficient to establish the iden 
tity of the phase and the extent of the variou 
phase fields to an accuracy of approximately 0.5 
of the alloys and their 
tructures are given in Tables II and III, while the 
derived pseudo-ternary and quaternary equilibrium 
diagrams at 750° and 1000°C are shown in Fig 
4 to 7, inclusive 

The Ni,Fe-Ni 
hown in Figs. 4 and 


atomic pet. The composition 


Ti-Ni,Al face of the tetrahedron 


5 and corre ponding to the 
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Fig. 1—The Ni-Cr-Ti-Al system from the nickel corner: 
750°C isothermal 


750° and 1000°C isothermal, is entirely analogou: 
to the NiCr-Ni,Ti-Ni,Al face, only differing from 
In each case only the three 
the face-centered-cubie 
Berthollide 


it in points of detail 
phase fields comprising 
primary solid solution y, the ordered 


phase based on »y'-Ni,Al and the Daltonide phase, 
Comparison of the X-ray dif 


y-Ni.Ti, are present 
fraction patterns of y, yy, and 
that the tie-line 
are uniformly spread and lie almost in the composi 
tion plane. As a result of this, the boundary be 
tween the y+y and y+y 4» fields is only slightly 
curved both at 750° and 1000°C 
The Ni,Ti-Ni,Fe edge of the system 1 

to the Ni,Ti-Ni,Cr edge of the contiguou 


alloys reveal 


across the two-phase field 


analogou 


Table |. Analysis of Alloying Elements 


Flement 


0018 
Balance 

oO 005 Balance 


tem NiCr-Ni,Ti-Ni,Al, and contains only the 
y. y+, and » fields. The extent of the y-phase field 
was established for the first time by making a serie 
of alloy along the Ni iy Ni he edge The extent of 
the y and y'-phase fields along the Ni,AI-Ni,Fe edge 
at 750° and 1000 °C was obtained from the pub 
lished data As in the case of the Ni,Cr-Ni,Ti 
N1,Al system, shown in Figs. 2 and 3, the extent of 
the y-phase increases considerably as the 
raised from 750° to 1000°C, while that of 
almost constant 


tempera 
ture | 
the y-pha e field | 

The 750° and 1000°C isothermals of the pseudo 
tem Ni,Cr-Ni,Fe-Ni,Ti-NiAl 
hown in Figs. 6 and 7 and 
within the tetra 


quaternary based 
on the above results are 


the extent of the y and y'-phase 
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Fig 2 
Cr Al system 


Pseudo ternary section NiCr Ni Ti Ni Al of the Ni 
750°C 
half closed circle, two phase; and triangle in 


isothermal, Open circle represents 


single phase 


three phase 


Fig 4 
thermal 


Pseudo ternary system Ni Foe Ni. Ti Ni Al 
Open circle 


750°C iso 
represents single phase, half closed 
corche two phase 


and trangle in circle, three phase 


red by the allo 
defined by 
li-NiAl A n 


plume oe ij oul thie 
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phase 


cont 


rat 
field increase 
that 
Since 
two 


from 


iderably as the temperature is raised while 


remain almost constant 
un uniform thie 


field, it should be possible 


ition of the 


derive 
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Fig. 3—Pseudo-ternary section Ni,Cr-Ni,Ti-Ni,Al of the Ni 
Cr-Ti Al system, 1000°C isothermal. Open circle represents 
single phase, half closed circle, two-phase; and triangle in 
circle, three phase 


Fig. 5—-Pseudo ternary system Ni,Fe-Ni,Ti-Ni,Al; 1000°C iso 
thermal. Open circle represents single phase; half closed 
circle, two-phase; and triangle im circle, three-phase 


from within the y+y¥ 


ty region at 750°C 


the composition of Inconel 
field into the y+ 
and 


two pha ‘ 
Both 
cubs. 


have body-centered- 
lattice paramete 
$785 kX for chro- 
face-centered- 
they had 


iron chromium 
imilat 
iron and 2 
olid 
atoms behave as if 
o that the lattice parameter 
while that of Ni,Fe is 3.5465 
through the volume 
the 
the 
tem 


tructure and 
2.8606 kX for 
When in 
nickel, thei 
identical radu 
446 kX 
lattice parameter 
tend to follow the pattern set by 
shown in Fig. 3. for 
face of the 
replacement of chromium 
the 
in the 


namel 
mium olution in 
cub 
almost 
of NiCr is 3 
kX. Thus, the 
of the 
isoparametric contour 
Ni.Cr-Ni,Ti-Ni,Al 
On other hand, the 
by iron has a remarkable effect on 
properties of the alloys. All the alloys 
field of the sy Ni,Fe-Ni,Ti-Ni,Al 
ferromagnetic, which is not surprising since Ni,F¢ 
lies very the composition of Permalloy, 
while Ni,Cr-Ni,Ti-Ni,Al face, all the y-alloy 


are nonmagnetic even at the temperature of liquid 


pha 
quaternary y 


magnetic 
y-phase 
tem are strongly 
close to 


on the 
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Fig. 6—Pseudo- quarternary section Ni,Cr-Ni,Fe-Ni,Ti-NiAl of 
the Ni-Fe-Cr-Ti-Al quinary system; 750°C isothermal 


Fig. 7—Pseudo quaternary section NiCr NiFe Ni Nu Al of 
the Ni-Fe Cr TiAl quinary system; 1000°C isothermal 


Table Il. Compositions and Structures of Ni-Fe-Al-Ti Alloys 


Analysis, Atomic Pet Phases Present at 
Alley 
No NI Fe Al Tec 


(Balance) 


nitrogen. The boundary dividing y-phase alloy 
which are ferromagnetic at room temperature from 
those which are not is defined by the plane lying 


Table Ill Compositions and Structures of NiCr Fe Al Ti Alloys 


Analysis, Atomic Pet Phases Present at 


Alley 


parallel to the Ni,Cr-Ni,Ti-Ni,Al face with chro 
mium and iron in the ratio 60:40. It is likely that 
alloys on this plane could be used in the dual role 
of high-temperature materials and magnetic com 
pensation alloy 
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Technical Note 


Protective Film on Titanium in Hydrochloric Acid 


by Rikuro Otsuka 


R. OTSUKA is associated with the Scientific Research Institute, 


Ltd, Tokyo, Japan 
TN 378E. Manuscript, Dec. 6, 1954 
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is attacked slowly by hydrochloriu 
acid, * and corrosion rates decrease with time 


of exposure.’ This behavior is due to the formation 
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NigT Nial 
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Ni,Fe N 
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Fig. 2—Corrosion 

rates of repeatedly 
and cathodically 

treated titanium in 
HCI solutions, com 
pared with those of 
untreated titanium 


even days each in various concentrations of HCl 
from 0.5 pet to 31.1 pet. In addition, it was shown 
that a cathodic treatment for 2 or 24 hr in 1/10 
normal sodium chloride at approximately 1 amp per 
q dm can also cause improvement in resistance up 
to 24 pet HCI. It is assumed that nascent hydrogen 
reacts with the metal to form a protective titanium 
hydride coating. This effect is illustrated in Fig. 2, 
Y howing corrosion rates of untreated specimens with 
those having the specially created surface film 

Attempts to produce a similar film in a stream of 
molecular hydrogen resulted in formation of only a 


AY 


Fig | Losses in weight of titanium in various concentrations very thin coating which, however, i reported to 
have the same propertie 

Since the hydride film may be removed by heat 

protective film in the acid ing vacuum while titanium oxide or nitride can- 

vered in this note indicate that not be decomposed, it was concluded that heating 

pecimens | hr at 900°C in a vacuum should con 

firm further the nature of the hard glossy black film 

present after HC] immersion. This treatment re 

moves the black film, and the corrosion rates are 

increased many times over, as illustrated by a simple 


hydride. Techniques are discussed 

ved to produce hydrides or to remove 
drochloriec acid test 

made with 99.4 pet purity tita 

Sumitomo Metals Co., Ltd., Japan 

elting Kroll proce ponge. Specimen 

epared from ive sheet which had 

lel olled 40 pet, and poh hed with No. 05 

All samples were cleaned before and 

by washing with distilled water and de 


in aleohol and ethe 


experiment. Three specimens, the first untreated 

the second repeatedly treated cathodically but not 

vacuum annealed, and the third repeatedly treated 

cathodically then vacuum annealed, were immersed 

in 10.0 wt pet HC] at 18° to 23°C for 168 hr. The 

corrosion rates were 24.1, 0.15, and 14.1 mg per sq 


on rates at 14) to 18 C during contimuou dm per day, respectively 


to five da in hydrochloric acid, illu References 
trated 1 “im. i ugvest the formation of a protec } B. Golden, and W. E 

tive file i than 23 pet HCl as indicated by the we on 1949 ve 41 p. 1 
parabolie nature of the curve A second experi 

ment, auned at gradually building up a more stable 


protect ve filrn mvolved ive exposure of 


Technical Note Etch Pits and Slip Bands in Silicon 


by F. D. Rosi 


| was recently shown’ that slip bands can be ob ance of slip bands tn silicon, as well as other defor- 
erved in bent germanium erystals after defor nation marking 

mation, b { an f etch pit along the lip trace A 30 ohm-cm, p-type ingle crystal bar, 2x'4x's 

It is the purpo f this note to show how chemical in., was plastically bent at approximately 1200°C 


etch pits ¢ used to examine the appear in a vacuum of 1x10° mm Hg. The axis of the 
crystal was coincident with a < 111 direction, and 

F D ROSI, Associate Member AIME, is with RCA Laboratories, the surface normal to the axis of bending wa 
Radio Corp. of America, Princeton, N. J within 4° of a {110} plane. Prior to the deformation, 
TN 380E. Manuscript, July 24, 1956 the {110 urface was mechanically polished with 
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| +> | 
/ ; 
I} 
1! 
1} 
ure 
Corre 
isby, J Indust nd 
eC nd Engineering Chemistry, 1952, vol. 44, p. 1930 


No. 305 American Optical compound, and then characteristic etch pits, in different regions of the 
chemically polished with a solution of dilute hydro- bent crystal 
fluoric acid in concentrated nitric acid to remove The micrograph in Fig. 1 shows the appearance 
urface stresses resulting from the mechanical work- of fine, closely-spaced slip bands on intersecting 
ing. The bending was accomplished by simply sup- '111} planes, as might be expected from the crystal 
porting the ends of the bar on a thick quartz tube, orientation 
and applying weights at the middle by means of a In Fig. 2a the etch pits reveal a pattern of coarse, 
water-cooled stainle teel rod sharpened to a knife widely-spaced slip bands in the vicinity of the convex 
edge at one end. A Wilson-type seal was used to urface (tension side) of the crystal. Within the 
permit vertical movement of the rod in the vacuum coarse slip bands a high density of dark, parallel 
After the deformation the crystal was ground to segments can be seen which make an angle of ap 
one half its original thickness, and then chemically proximately 90° to the slip bands. XM-ray analysi 
etched for 20 hr to reveal dislocation pits. The howed these lines to be parallel to a {110} plane, 
etchant used consisted of 3 parts CP-4 solution with whose normal would be the expected slip direction 
5 parts of a solution of 200 g copper nitrate in 2 cu from the criterion of a maximum shear stre law 
em nitric acid, 4 cu em hydrofluoric acid, and 4 cu This crystallographic geometry suggests that the 
em water.” The micrographs in Figs. 1 to 3 illus- segments are fine kink bands, or represent a poly 
trate the appearance of slip bands, as outlined by vonized structure. For purposes of Comparison, the 
micrograph in Fig. 2b shows the appearance of slip 
bands on the same surface prior to the grinding and 
chemical etching operation 
The etch pit pattern in the micrograph of Fig. 3a 
shows the gradual disappearance of slip bands in 
Fig. 1—Etch pit the neutral stre zone of the bent crystal. Fig. 3b 
technique showing hows a similar slip pattern in the same region of 
multiple slip on the crystal in the as-deformed condition 
{111} planes. X30 It would appear from the gro imilarity in the 
Reduced approx: etch pit and slip patterns in Figs. 2 and 3 that the 
mately 30 pct for etch pit technique could be useful in the study of 
reproduction 
deformation markings 
References 


Vogel, Jr Acta Metallurgica, 1955 ol 3, p. 5 
hristian and R. Jensen: Bulletin Amer. Physical 
No. 2, p. 14 


Fig. 2—-Appearance of coarse, widely-spaced slip bands: a) as outlined by etch pits, and b) prior to grinding and 
etching X100. Fig 2a reduced approximately 10 pct for reproduction 


Fig. 3--Gradual disappearance 
of slip bands in neutral stress 
zone of bent crystal a) etch 
pit technique, and b) as-de 
formed. X100 Reduced ap 
proximately 25 pct for repro 
duction 
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Grain-Boundary Displacement 


Vs Grain Deformation as The 


Rate-Determining Factor in Creep 


The height of the vertical grain-boundary displacements was measured on creep 
specimens of //-brass. The displacements followed a normal distribution whose stand- 
ard deviation was a function of strain and was independent of temperature from 450° 
to 501°C. The strength of the grain, not the shear resistance of the boundary, was 
found to be the rate-controlling factor in the creep of /)-brass. 


by J. A. Martin, M. Herman, and N. Brown 


i temperatures a deformed polycrystalline 
vrauin-boundat displacement in 
» line This has led to the conelu 
t overall strain at high temperatures is pro 
duced chiefly by grain-boundary displacement. De 
tatled examinations of individual grain 
boundars “ay hown many interesting ways by 
Vhich thei displacement oecut ometime no Fig. | —Distribution 
ruin deformation was observed except possibly in of vertical grain 
hborhood of the boundary. How boundary displace 
} curmination how that at high tem ments. Smooth 
formation oceur the proce curve is the normal 
distribution 
138x10 in 


enerally called polygonization, results from lattice 
bending and the subsequent climb of dislocations to 
form low-angle boundarn 

CJuantitative of the grain-boundary 
displacement how that they make a@ minor geo 


metrical contribution to the overall strain: the ma 


jor contribution is made by yvrain deformation 
INDARY ACEMENT 1107 


A relationship between grain-boundary displace 


ment and grain deformation wa uggested by then the designer of a creep-resistant metal would 


McLean, who showed how the degree of polygon like to know whether it is more desirable to 


ation would determine the amount of grain bound trengthen the matrix of the grain or to increase 


’ displacement,” and by Dorn, who showed that the strength of its boundary 


for a given creep str the amount of grain-bound The widespread interest in the relationship be- 
tween temperature and grain-boundary displace- 
independent of temperature Although the grain ment makes it desirable to test the generality of 
boundary displacement may make a small geo Dorn’s result’ that the ratio of grain-boundary dis- 

al contribution to overall strain, it may still 


ial hear was related to the overall strain and wa 


placement to overall strain is independent of the 
controlling factor in high-temperature temperature for a given creep stre In this in- 
eneral grain-boundary displacement vestigation 8-brass was used because it produce 


un deformation are dependent quantitie harp grain-boundary displacements above 400°C 

J) A MARTIN is in the US. Navy, No HERMAN is associated Since f-brass undergoes an order-disorder trans- 
with the Franklin Institute, Philadelphia, and N. BROWN, Junior formation which abruptly strengthens the grain, it 
Member AIME, is Associate Professor of Metallurgy, Dept. of Met is an excellent metal for determining whether 
allurgical Engineering, University of Pennsylvania, Philadelphia grain-boundary displacement or grain deformation 
TP 4310E Manuscript, Nov 3, 1955. New York Meeting, Febru is the rate-controlling factor in creep. The problem 
ary 1956 will be confined to the temperature range where 
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< 

be the rate 
Crees It 


“rain boundaries are mobile, as indicated by thei: 


harp step-like displacements 


Experimental 

The composition of the £-brass was 51.15 pet Cu 
with 0.1 pet impurities, chiefly iron. The grain size 
was 1 to 2 mm pecimen 
was 14 in. diam by 144 in. long. The strain wa pro- 
duced by isothermal creep under a single stress of 
360 psi. The history of each specimen is given in 
Table I 

To measure strain accurately, pairs of impression: 
about 1 in. apart were made with the Tukon teste: 
The distance between each pair was measured be- 
fore and after creep on the micrometer-driven stage 


The gage section of the 


of a microscope 
Up to strains of 
placements were generally 


5 pet the grain-boundary di 

harp. The displace 
ment however, were random. The direction of 
the displacements ranged from the purely perpen 
dicular to the purely parallel with re pect to the 
urface. The magnitude varied from zero to a maxi 
mum value which depended on the strain. Since the 
ufficient to mea 

vertical 


displacements were random, it is 
ure displacements in one direction.” The 
displacements were measured by moving a stylu 
over a grain boundary. The stylus wa 
to the core of a Shavitz transformer whose output 
was transmitted to a Brush oscillograph via a Brush 
Universal de amplifier. With the stylus fixed, the 
pecimen is moved longitudinally on the stage of a 
toolmaker’ When a grain boundary i 
traversed, this is noted under the microscope so that 
the deflections of the oscillograph are related to 
Conversely, zero 


connected 


Microscope 


vrain-boundary displacement 
grain-boundary deflections are also recorded. In 
order to standardize the conditions of the measure 
ment and eliminate diffused deflections from bound 
aries running parallel to the direction of traverse, 
the angle between direction of traverse and dire¢ 
tion of boundary was always between 45° and 90 
The oscillograph was calibrated with a 0.001 + 
0.0001-in. machined step. Full seale corresponded 
to 0.001 in. and the set up could detect 10° in. unde: 
optimum Although boundarie 
were sharp, many were somewhat diffused, espe 
clally at the greater strain corresponding to the 


condition most 


greater displacement Bending of the grain in the 
vicinity of the boundary introduced the major un 
certainty in the boundary displacement. The un 
certainty of displacement was greater for the large: 
displacements so that the per cent uncertainty wa 
within 10 pet 

The set of grain boundari 
men numbered 100 to 300 


were taken. It wa 


measured per speci 
On some specimen 
everal sets of reading found 
that the larger number of readings did not make an 
appreciable difference in the final results, but did 
vive preater confidence that the distribution of the 
boundary displacement 


A ty pical 


mooth curve i 


magnitude of the grain 
closely approached a normal distribution 
histogram is shown in Fig. 1. The 
the calculated curve for a normal distribution about 
a mean value of zero. As mentioned previously, a 
many displacements were up as were down; thu 
the curve in the figure represents one half of the 
normal distribution curve, which 1 ymmetrical 
about the mean value of zero. In the past, the aver 

age of the absolute value of displacement was used 
as a measure of the displacement This measure | 

difficult to consider mathematically and it is not 
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Fig. 2—Grain boundary displacement as a function of creep 
strain. Creep temperatures ranged from 450° to 501°C 


likely to 
the proce The question ha 


give the best quantitative description of 


been asked whethe 
previous measurements of boundary displacement 
did not have a zero mean if direction were taken 
into account, but the question has remained un 
Since the histograms closely fit) the 
normal distribution curve, the standard deviation 
hould be sufficient to characterize the histogram 
The standard deviations are listed in Table Il, and 
train, 


answered 


it is evident that there is a correlation with 
but no correlation with temperature 
An additional statistical calculation wa 


aspects of the histogram 


made to 
determine whether other 
were pertinent. The fourth moment about the mean 
was Calculated in non-dimensional units where a 
normal curve has a value of 3. This quantity, called 
the peakedne of the distribution, is also found in 
Table Il, where it is evident that the 
does not correlate with either strain or temperature 
Since the 
value of 3, iti 


peakedne 


about an average 
tandard devia 


peakedne catte! 
concluded that the 
tion is a complete measure of the histogram 

The functional relationship between standard de 
viation, S, and overall strain, FE, was obtained by 


a Uline 


The constants A and n were obtained from Fig. 2, 


where the traight line which wa 


least-square calculation has the equation 


obtained by a 


10 | 2 | 


and 
Since all histograms may be 
normal distribution, all the data on vertical grain 


where S is in inche in percent 


represented by a 


boundary displacement may be uccinetly = de 


cribed by the equation 


where N is the relative frequency of boundart 


with displacement, d, and FE is the overall 
Whether the amount of 


train 
It is important to know 
displacement relative to a given 
independent of temperature. A 
ing the data in Table I 


amount of grain 


vrain-boundary 
verall strain 
al test was made 
From equation y the I ve 


train are best 


boundary displacement and overall 


represented by S’/E Plotting apainst tem 
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] ] d 
7 —( — =) 
20(0.867 10° 2 10° E 


Fig Creep rate vs temperature for (i) brass 


ne correlation. A more exacting test 


the correlation coefficient’ as given by 


vy 
(La) 


Vhere «a and y are the 


variable being tested for 
number of data points. For 
Cuse 4 SVE y temperature, and n 17, 

pecimen The 
2.6 pet 


thi 


number of calculation 


Og or 


Bives 


that only 


relationship between 


2.6 pet of the 
there no sig 


data point how any 


and temperature In other word 


nificant relationship between amount of grain- 


ch relative to a train 


ruture. This result i 


placement Biven 


based on a tempera 


Table | History of Specimens 


“pectmen strain 
No Vet 


freep Tem (reep 


Kate, 
perature, Time, He Pet per tr 


which the 


ovel creep rate varied 


Discussion 


Since the relationship of grain-boundary di 


placement and grain deformation is independent of 
important to know what the rate 


factor 1 Fis 3 how how 


temperature, itt 
controllin creep rate 


changes as #-brass order All creep curves in this 


Tests with 
both resistance to creep 


entirely linear 
that 


and yield point increase abruptly as #-bra 


temperature range are 

tal how 
order 
erain boundary is essentially 


Since thre di ordered 


at all temperature the discontinuity in creep be- 


80. JOURNAL OF METALS, JANUARY 1957 


havior of polycrystalline #-bra must be attr 
buted to a change in creep resistance of the 
Thus, it must be concluded that the rate of grain de- 


formation controls the overall 


Prain 


train and that the 
displacement is a byproduct of 
The last statement 
qualified in two respects: 1) the 
be sufficiently high to make the grains 
dicated by sharp displacements, but a greater 
bility makes no difference; and 2) the 
grain-boundary displacements a 


#rain-boundary 


grain deformation must be 
temperature must 
mobile as in- 
mo- 
very mall 
observed in an- 
have not been considered 


elastic studi 


The existence of a normal distribution, sometime 

called a random distribution, would indicate a rela- 
tionship between grain-boundary displacement and 
the random orientation of the crystals. A peested 
by Khines, the related 
to the difference in orientation of the grains adjoin- 
ing the boundary. Since the difference in orienta- 
tion is likely to fit a normal distribution in the ab- 


amount of displacement } 


Table Il. Standard Deviations 


Standard Deviation 
of Grain 
Displacements 
x ie In 


Specimen Strain Tempera 


Peakedness ture, “« 


that the 
would also follow a 


ence of preferred orientation, it follow 
urain-boundary displacement 
normal distribution 

McLean’ suggested that the 
“rain-boundary displacement and grain deformation 
was linear. He did indicate that at 
to about 5 pet he observed a nonlinear relationship 
The results of this investigation show that the 
tandard deviation of the grain-boundary 
ments varied nearly as the 
thus, there | 


au linear 


interaction between 


mall strains up 


displace 
train 
a contradiction to McLean's theory of 
Although McLean used the 
absolute value of vertical displace 


quare root of the 


Interaction 
average of the 
ments as hi 


measure and this investigation make 


use of the standard deviation, this fact would not 
explain the difference 

It is believed that there exists too littl 
mental data for 
tion of the 


displacement and 


exper! 
making a quantitative generaliza 
rain boundary 


relationship between 


trains for all metals and stress 


Conclusions 
1) Ata constant creep stre 
boundary 


_ the ratio of 
displacement to overall strain 1 
pendent of temperature, if the temperature 


enough to produce mobile boundari Thi 
work on aluminum 

2) The amounts of vertical grain-boundary di 
placement make a normal distribution about a zero 
Thus, grain-boundary is best 


measured by the 


confirmation of previou 


mean displacement 


tandard deviation 
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MPP RAT URE 
[ud(a) 
No Pet 
ig 1 8&7 12.1 145 
204 126 427 
‘ 227 i348 150 450 
$10 194 427 
$31 174 $25 
4 16.1 $72 +70 
7 75 20.4 2 
21.7 22 450 
+95 200 2 
26 4o7 23.9 2.39 45 
Zi 264 u yl 
15 224 444 
(reep 
i 7 0 745 
J 
‘ 1 24 
25 116 
i “ 117 
‘ 
010) 2448 
ane ome 224 
i “12 260.5 
i 206 276 
25.1 
2 ol 42 
ture range of 50° 
factor of 40 
inde- 
high 


4) The standard deviation of the grain-bound- References 
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that creep rate at high temperatures is determined National P? cs Laborator 1954 
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Simple Orientation Relationships For 


Secondary Recrystallization in Si-Fe 


Reorientation due to primary recrystallization in (111) | 112)! oriented single crystals after 70 pct 
reduction in thickness was found to occur by — 110 © rotations of approximately 25° to 30° and in 
such a way as to produce one strong component and several weak components. The strong component 
had the (110) |001| orientation. Upon further annealing secondary recrystallization occurred, but 
without the formation of new components. The (110) |001! orientation disappeared and some of 
the weak components of the primary recrystallization texture failed to produce identically oriented 
components in the secondary recrystallization texture, but other weak components developed into 
components of the secondary recrystallization texture. As a result the latter were related to the 
cold rolled orientation by - 110 © rotations of approximately 25° to 30°. The results obtained could 
be explained rather simply in terms of the oriented nucleation growth selectivity theory wherein large 
grains (primaries) from weak components of the primary recrystallization texture grew into secondary 
recrystallization grains (secondaries) having the 25° to 30° . 110 ~ rotation relationship with the 


cold rolled orientation. 


by C. G. Dunn and P. K. Koh 


_ recent review papers have considered the is that nuclei are certain primary recrystallization 
origin of primary and secondary recrystalliza grains or primaries, The two theories differ, however 
tion textures from the point of view of oriented in specifying what the certain primaries are. In sup 
nucleation and oriented growth theorie soth port of the oriented prowth theory Beck and Hu 
theories require nuclei for primary recrystallization originally stated “It may be assumed that in a re 
but provide no unequivocal answer to the question crystallized material, even with a strong texture 
of what nucle: are. The answer to the same question there always are present some pvrains of practically 
regarding secondary recrystallization, however, often any orientation. These may serve as nucler for the 


coarse grains, provided that conditions are favorable 


C G. DUNN, Member AIME, is associated with the Research 
Laboratory, General Electric Co, Schenectady, and PK KOH is 
associated with the Research Laboratories, Allegheny Ludium Steel 
Corp, Brackenridge, Pa 

TP 4402E Manuscript, Apr. 20, 1956 New Orleans Meeting, Feb are large enough 
ruary 1957 have high mobility. More recently Beck’ has con 


for their growth In commenting on thi taterment 


one would say that there are two restricting cond) 
tion namely, that 1) the certain lei) 


to grow, and 2) their boundarie 
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(100; plot of 17 secondaries in the 
orientations; closed and open circles respec 


plot tor 28 secondaries in a double 
Specimen D3 


type orentation 


223) | 110! and 


132) 


ecrystalliza 
concluded that 
econdaries ) 
of the 
not all such 
According to 


econdars 


Dunn 


mary and 
d for Si-Fe 
tallization eral 
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ition weak component 


ition texture but 
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le 
223 2 
. 
¥. 
. 
te 
> ¥ 
je 
"42 
1. 
“ 
4 
ee? 
cluded that ins (primaries) are not always pre PS 
ent i and wheneve 
i conte vVhere orrented 
Acct adil to thi 
econda taullization epo i 
must be considered among the list of special case 


Fig. 5—{100; plot for 37 secondaries in a double (223 


{110} of (111) | 110} type orientation. Specimen D3 


view, the orientations of the nucle: are restricted 
those of weak component A second restriction 
is that the nuclei are primaries above a critical size 
However, the induction period or time required for 
uch primaries to g and be identified a econd 
aries depends on two factor 1) the amount they 
are above the critical size, since the driving force 
for growth increases with greater size differential, 
and 2) the number of like orientation nee bound 
ary mobility decreases with increase in intensity of 
the component of the primary recrystallization tes 
ture supplying nucle: of the particular orientation 
Thus the ideas expressed here must be considered 
us belonging to an orvented nucleation growth selec 
fi ty theory 

Evidence for the foregoing ideas of Dunn has been 
considered inadequate according ek, particu 
larly for the extension of the idea econdary re 
texture in ace-centered-cubse 


data, therefore bearing on. the 


erystallization 
Further 


origin of secondary reery 


metal 
tallization texture and 
particularly evidence bearing on the question of 
Whether or not large primaries are limited to specific 
orientations, appear to be desirable 
In the present paper information has been ob 
tained on the textures after primary recrystalliza 


tion and after secondary recrystallization which can 


be understood from the point of view of the orrented 
rowth selectivity theor Also, a 
hown connecting the 
cold-rolled texture and components in the 


An ¢ xplanation 


nucleation imple 
direct relationship will be 
econdat 
tallization texture 
large primarie (nucle) occurring in 


mientation 
Procedure 
Two duplicate single crystal 
ind D-4) were prepared in 
tion for id rolling parallel to the 
Phe cold rolling ration reduced 
from 0.050 in. to O.O15 


Ils were t The 


2 and 2 in 
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to lateral read wa 
ll) [112] isa 
retained the initial orien 


10 pet tor D-2 and 4 pet for 


D-3. Since table end orrentation 
both col 
tation except for res Ihe 110 pole 
Which previou was reported for D-2 

pole density distribution and thus the 

orrentation. A rresponding plot yr D-3 as not 
known to be 


obtained rientation wi 


table and sine ion Lauegrams of D-3 and 
I) 2 were alike 

A l-min anneal at 980 C 
crystallization and provided 
the primary recrystallization texture. A {110} pol 
figure Was obtained for D-3 in the manner deseribed 
D-2 ha 


completed primary re 


ample for studying 


previously the corr ponding plot for 
already 


Longer anneals at 980 C were used to obtain suit 


beon ported 


able ample for tudying the econdary recrystal 


Although 


tion was only about 50 pet complete after 20 to 30 


lization texture econdary reerystalliza 


min at temperature, there were 71 secondari in 
D-2 and 65 
evaluation of the texture 


econdaru in D enough for a wood 

Transmission Lauegrams were obtained and used 
to determine the orrentations of these 136 second 
The omentations found have been recorded 
either LOO) oF 110 pole thre 


former to compare directly with earher work and 


in stereovrams using 


imple a pieture as possible, and the 
latter to compare directly with the 110) pole figure 


either after 


proy ie a“ 


of specimen sample eold rolling or attes 


annealing to produce primary recrystallization 


Results and Discussion 


Secondary Reerystallization Data—The orienta 


tions of the secondaries obtained are given in Pip 
1, 2, and 3 for D-2 and in Fi fo and 5 for } 


The use of several figure permit ecing ata glance 


present the secondary recrystal 
reference 4) D-2 ha 
even components and D-3 hus four. Qualitativels 
Fig. 1 is the same as Fig. 4 and Fig. 2 is the same 
that 60 pet of the 


the component 
lization texture (set 


as Fig. 5. This mean econdarie 


of D-2 (Fi land 2) are 
ondaries of D-3 (Figs. 4 and 5) 
Relationship With Orientation of the Cold Rolled 


milar to all of the see 


Crystals—The orientations given in Figs. | and 3% 
take on new significance when compared with the 

110; pole tigure of D-2 (eold rolled) a 
Figs. 6, 7, and 8, respectively. Two {110}; poles 90 


apart have been used to determine the orientation 


hown in 


of each secondat Component Ko in Fig. 4 has not 


been included in F 6. it will be discussed later 


The ivnificant re here is that 94 pet of the se« 


ondaries in D-2 have u simple relationship with the 
Zo to 30 


cold-ro orientation: namel rotation 


about m 110 ux All the secondaru 
of D-3 can us relationship. Also, it 
wlant 1 hi orventation 


for thre 


lization a 


relationship 
component of the primas recrystal 
(110) [O01] 
rotation about that 


component ha 
been show a to 45 
110+ axis which is parallel to the transy dines 


fall 


found by Liu and 


econdar le and components of the cold 


JANUARY 1957, JOURNAL OF METALS 83 


ae + 
P 
23 | 
“be. 
¢ 
pecimen (D-2 
tion { J) trie ‘ orientation therefore 
[112] orienta nto or mit 7 
I into one simple pattern, which also has been shown 
112] direction to appl not onl to Coarse rained primas i 
the thickmne ‘ tallization but also to one case involving rela 
lifferent rolling tively fine grain Thi 110.+ relationship is similas 
| diameters were 8 in. for to the lll - rotation Hibbard 
for D-3. The increase in width due 


olled texture in face-centered-cubie metal but } 


eaied rm othe pole ent exam pole be 


rolled 


tation ‘ t tron Ps 
ation rom <110 


iti 


ligt ‘ the clockwise and counterclockwise 


0) 


ime of 110 rotation produce the 


' (110) [00] component (~75 pet) of the 


the remaining 


component 


reat ity in 


mee primar the rain with a net 
thi 


orien 


tated at 


Viate in 


ition from the main component, may act as nucle 


econdat tallization and in general come 


i thier en po component — 


tullization 


lata can provide information on the presence of 
but mot on the ibeence of ih component Direct 
experimental « bene evarding components actu 


tullization texture 


Fig. 6—{110} plot limited to two poles per grain for the 


Iteete ne to the [110} pole concentrations of the 232 320} secondaries (closed circles) and the (322) 
1 rolled ¢ tal us axes of rotation and to thei | 230) secondaries ‘open circles) of Fig. | superimposed on 
caution inalo vith the position of the hour the cold-rolled texture Specimen D-2 
hand of ua ve note the tollowin secondari 


‘ ‘ sted to the cold rolled orrentation using the 


i nboth clockwise (Fig. 6) and counter 
oc) 8) rotations. while secondaries ferent ormentations. One unlikely method for them 
weur fe the counterclockwise rotation for the formation ts for internal imperfections to move out 
trical a at 4 o'clock (Fig. 6). The two rota of regions of the order of 100g diameter, lowering 
tient hown in Fi 6. howeve provide a sym the strain energy so much that such regions cannot 
trical set (they apply aiso to D-3). One might be consumed by primaries formed by reorientation 
pect uw similar mmetrical set of opposite rota A second possibility is the following. Since no large 
tions in | % but one is missing in D-2 and both lattice rotations occurred during the rolling of the 
ets of tl kind are absent in D-3S. It follows that (111) [112] orientation, the Burke-Turnbull theory 
ico ferable increase in the number of secondari of an inclusion effect, where undeformed matrix 
ht be required for D-2 to find examples belong material is trapped in a cavity in the inclusion 
ne to the oom ne rotation. (An important point might supply unstrained material, which remain 
ll be made later on thi When analyzing the idle during primary recrystallization. Unle there 
j il rent tullization data.) For the 12 o'clock are few uch source of nuclei, it is difficult to 
ve ee both clockwise and counterclockwise account for the complete absence of (111) [112] 
otations in Pig. 7. They account for the secondari econdaries in D-3 and the presence of only four of 
oe net 2 and 5 of D-2 and D-3 respectively them in D-2, particularly since (111) [112] second- 
The | or 7 o'clock (Fig. 8) axis enters only as a aries may be expected to have on the average the 
clockwise rotation and it mmetrical opposite at highest grain-boundary mobility of all possible 
abbas missing. Actually there are only thre orientations. On the other hand, a somewhat more 
econdaries for D-2 and none for D-3. It therefore reasonable explanation can be found if the cold 
eems that the four possible rotations from the 5 rolled crystal is not completely a single orientation 
md 7 o'clock axes tend to be absent. It appeat matrix. Supporting this view was an observation 


fromm thre « poe mental data that the extent of thi 


made during the cold rolling of D-2 and D-3: namely, 


thi depend on the nature of the deform: 
’ dress ee seco a number of Neumann bands were seen in D-2 but 
ited te the differences n widening for D-2 


not in D-3. The deformed Neumann bands could 


DD there were no secondart 
ited th the 3 o'clock axis. Summarizing the re either provide the (111) [112] orentation by re 
Me: there are ani < of the eleven possible rota orientation during primary recrystallization or sup- 
one far and ante four for thane ply a strained volume for growth of small recovered 
espond to the main secondary components in D-2 regions in the (111) [112] orientation. If either of 
br anare one remarkable exception to the above these explanations ts the correct one, then complete 


avoidance of Neumann band formation during de 


lationships which has to be considered, Component 


} vhich appears in | or D-2. but not at all formation would eliminate (111) [112] secondarie 
D-3, has the cold-rolled orientation. Its presence or conversely an increase in the number of Neumann 
net eu to explain if the cold-rolled crystal i bands could produce more (111) [112] secondarie 
‘ ‘ entatior r for primary recrystal Relationship With the Primary Reerystallization 
ition Primaries of the order of 1004 in diameter Textures—The unidentified {110} poles of second- 
needed if they are to grow and become second anes for D-2 have been added to a simplified {110 
‘ But reormentation processes only lead to dif pole figure (contour lines) originally obtained afte! 
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i ‘ j 
fw 
ally present in the primary recry: 
be presented and discussed late 


Fig. 7—Orientations shown in Fig 2 superimposed on the 
cold-rolled texture using two {110} poles per grain. Speci 
men D2 


Fig 9—!110) pole plot of 71 secondaries superimposed on a 
simplified primary recrystallization {110} pole figure. Speci 
men D2 


recrystallization to give the plot shown in 


rhe secondary recrystallization data and the 
pole figure obtained after primary recrystal- 


if} Fig 


10. For example, those orientations that are located 


n for D-3 are given in a different way 


by small open circles in Fig. 4 are given in Fig. 10 
(note they are {110} pole 
10) while the othe: 
Fig. 4 is given by 
which locate only the 


by small closed circle 
in Fay and larger component in 
omewhat larger half-filled circle 


average position of this com- 
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Fig. 8—Components G and J shown in Fig. 3 superimposed on 
the cold rolled texture Specimen D2 


Fig. 10-—A (110; pole tigure after primary recrystallization 
(contour lines) together with data for secondary recrystal 
lization. Specimen D3 


ponent. The components from Fig. 5 are similarl 
plotted in Fig. 10 in terms of small filled triangle 
and larger half-filled triangle respectively 

The relationship between the observed component 
ot the 


identified components of the primar recry 


econdary recrystallization texture and the 
talliza 
tion textures is the following. The components shown 
in Figs. 2 and 5 (see also Fig. 10) apree fairly well 
with (111) [110]-type components (this is in agree 

Dunn for a erystal 


ment with results obtained by 
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rotation might be found in some 
deformation proce which account 

in amount of widening 
ire of the plastic deformation of the rolled 
probably affects the number of active nucle! 
tallization. If all twelve 110 reorienta- 
cul lip may have to be on twelve 
ix {110;} plane for example 
twelve 110 recrystallization com- 
ponents are to have equal intensitie all the re 
quired slip systems may have to be equally active 
However th resent work on crystals of the 
(111) [112] orientation, it is more likely that slip 
favors certain slip systems, iLe., is restricted among 
ystallographically equivalent system When thi 
the situation, recrystallization that produces weak 
and strong components can be understood on the 
basis of oriented nucleation theory. Contrary to idea 
of Beck, oriented nucleation need not produce 
nucle: in all equivalent position One of the un- 
lved problems here, of course, is what are nuclei 
primary recry tallication’ When secondary re 
tallization occurs, however, with components In 
imple relationship with the cold-rolled orientation 
as in the present specimens D-2 and D-3, no dif- 
0 seconda ficultse arise in explaining the change from com 
pletion of primary recrystallization to the end of 

econdary recrystallization 


Conclusion 

A fairly general 25 , 110 rotation rela- 
tionship has been found between components in the 
econdary recrystallization texture and the cold 
rolled orientation. (This result is in agreement with 
the idea advanced by» Liu and Hibbard for a 
imple 111» rotation relationship between second 
aries and components in the cold rolled texture 
face-centered-cubic metals.) The mechanism lead 
ing to the 110+ relationship was considered to be 
the following. Primary recrystallization for the most 
part occurs by 110 rotations of 25) to 30 pro 
ducing a limited number of components out of a 
possible number of twelve; one component is stron 
and in a (110) [001] orientation while the remain 
ne ones are weak; large primaries from some but 
not necessarily all of the weak components grow 
and become secondari thus retaining the 110 
relationship with the cold rolled orientation 
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Nucleation of Voids in Metals During 
Diffusion and Creep 


Experimental evidence is presented which proves that voids formed during diffu 
sion in brass are heterogeneously nucleated. The nuclei appear to be oxide particles, 
probably ZnO. When these are removed by remelting, practically no voids form upon 
subsequent dezincification. Brass which had been freed of void nucleation catalysts 
exhibited a considerably reduced tendency for grain boundary cracking during creep, 


and increased stress-rupture life. 


by R. Resnick and L. Seigle 


oe experiments in the past few year 
have proven that void formation occurs quite 
venerally in the diffusion zone of bimetal speci 
men The 
terms of the 


ulting from unequal diffusion of the 


phenomenon has been explained in 


accumulation of lattice vacancies re 

constituent 
Attention 

has recently been directed to the fact that voids also 


form within homogeneou 


and their eventual precipitation as hole 
metals during high-tem 
perature creep.” The idea has been put forward that 
lattice 


intersecting dislocation 


these voids form by the condensation of exce 


vacancies generated by 
If the precipitation of lattice vacancies from solu 
treated a 


the predicted vacancy 


tion 1 a nucleation and growth proce 


concentration for homoge 
nucleation of voids at an observable rate 
100 to 1000 time the 


concentration It uppeal that voids actuall 


neou 
normal thermal equilibriun 
form 
during diffusion at vacancy supersaturations which 
than thi According to the calcula 
tions of Machlin, the same must be true for void 


are much 
formed in homogeneous metals during creep, if thes« 

from the 
Therefore, if the 
that the hol 


pecimens are 


are considered to arise precipitation of 
vacancy mecha 


Which form in 


heteroveneous! 


lattice vacanci 
nism 1s valid, it seem 
diffusion and creep 
nucleated by 
metal. Irre; 


bution of voids in diffusion couples bear out 


imperfections or impuritie in the 


ularities in the frequency and di 
explanation 

It is not known at the present time what 
Variou 


could be ce: 


which vacancies condense 
peculated that they 


tain dislocation configuration 


nucle 
vestigator lave 
already existing void 
olidification or working, ga 


produced during 
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Fig. 1—Void formation in the diffusion zone of 5 pet Zn 
_ brass. Heat treated at 900°C for 120 hr in vacuum X75 
Reduced approximately 20 pet tor reproduction 


He luted] 


ise value of the dept 


lu 
pocket or Incision 


A 


m for void nucleation | riain. An initial 


attempt to estimate this value diffusion data 


made b ballufl indicated that voids form 


fusion couples at vacancy concentration 
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oF » “ . | 
e°,. A 
bd 
° 
e .04 .06 
cm 
try oe 
nthe neal the 


2--Commercial brass (30 pet Zn), as-received. Heat 
treated at 900°C for 22 hr im vacuum. Weight loss equals 
283 pet X75 Reduced approximately 35 pet for reproduction 


be anywhere trom 0.1 to 10 pet above the equilibrium 
coneentration. He concluded that the exce con 
contratior nost likely | ian | pet 

of the exce vacuum concentration 


iived to nucleate void of considerable signifi 


eit supphes a clue to the nature and size 
upon which voids form, For example 
of the above estimate of | pet super 
Machlin coneluded that nucleation of 
ly does not oceur at all, but the void 
ow from preexisting submicroscopic hole 
This value is also important in the formal theory of 
diffusion, since the validity of Darken 
the Kirkendall effeet 


al 


analysis of 
depends upon the existence 
an equilibrium concentration of lattice defects at 

in the diffusion zone The formation of 
ids indicates that there must actually be some 
at least that required to 


it was considered worth 


deviation from equilibrium 


fo attempt & more accurate estimate of the 


nucleate void 
ine upersaturation for the formation 
diffusion. Ex» 
performed to compare void formation during diffu 
ion and creep in a-brass and to study the effect of 


periment also 


purification upon void formation in this material 
Degree of Vacancy Supersaturation for the Nucleation 
of Voids in «Brass 
Method—The instantaneous exce 


centration at any 


vacancy con 
point in the diffusion zone is de 
termined by a balance between the rate of accumu 
lation of vacancies due to unequal diffusion, and the 
Variou ink A 
vacuney diffusion mechanism, the rate of accumu 


rate of disappearance at uming a 
lation of vacanct i be computed from the con- 
centration-distance curve, and a knowledge of the 
intrinsic diffusion coetlicients” The rate of disappear 
ance is obtained by estimating an appropriate di 
With the above informa 


an exce vacancy 


tribution of vacancy sink 
tion, it is possible to a 
concentration with each point of the diffusion curve 
or each plane in the diffusion zone. The exce 
waney concentration at that plane at which void 
are just observed is taken as the eritical excess for 
nucleation 
to com 


inety of photomicrographs of diffusion 


the above method, in order 


In lying 


ute the rate of accumulation of vacancte 


mm oures and superimpo ed upon 
estimated concentration-penetration curve 


Instance Wil the concentration-penetratior 


for the actual specimen inp which 
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the voids occurred. Hence, there is some uncertainty 
about the precision of correlation between the cif- 

ion curve and the boundaries of the porous zone 

order to obtain a more accurate estimate of the 
critical accumulation rate and degree of supersatura- 
tion of vacancies, an experiment was carried out In 
which the 


measured directly in the porou 


concentration-penetration curve Wa 
pecimen, and the 
relationship between the diffusion curve and the 
zone of void formation accurately determined 
Experimental Details—The diffusion « 


were carried out with a high-purity bra 


xperiment 
contain- 

{ Water 

7i u 
‘u and 5 pet Zn, the analysis of which 

is given in Table I. Thi 
quality as that used for many 


material was of the same 
imilar experiment 
in our laboratory but of lower zine content, which 
preferable for the contemplated experiment 


2 in. in diameter by '4 in. thick were prepared 


with accurately flat surfaces. These were heat treated 
in a continuously evacuated furnace at several tem- 
During heat “at 


pecimen sur- 


peratures and for various time 


ment, zine was evaporated from the 


Fig. 3—Commercial brass (30 pet Zn), remelted and direc 
tionally solidified. Heat treated at 900°C for 72 hr in vac 
uum Weight loss equals 26 pct X75. Reduced approxi 
mately 45 pct for reproduction 


Fig. 4—Remelted brass single crystal, cold rolled 90 pct 
Heat treated at 900°C for 67 hr in vacuum Weight loss 
equals 188 pct X75. Reduced approximately 35 pct for 
reproduction 
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‘ 
3" 
: 
used a 
CVC 


Fig. 5a—High purity brass from zone retined copper (middle 
Hear treated at 900°C for 128 hr in vacuum 
X75. Reduced approximately 


of ingot 
Weight loss equals 174 pct 
35 pct for reproduction 


face with the formation of voids in the interior. The 


use of specimens of this type in diffusion experi 
ments has been described in the past 
Following heat 


pol hed, and the cro 


treatment, the specimens were 
ection examined 


depth 


was measured u Ing a filar micromete r, many mea 


ectioned 
to ascertain the depth of the porous zone. Thi 


urements being taken in order to obtain a good 
average value. Layers were next machined from the 
face perpendicular to the diffusion direction and 
chemically analyzed to obtain the concentration 
distance curve 

Results—Microscopic examination of cra 
after heat-treatment revealed the expected forma 
urface, Fig. 1 


ection 


tion of void just below the 
Diffusion times and temperature 
0 that the diffusion zone did not extend far into the 
Distance urface to the inner 
edge of the porous layer, indicated by the dashed 
line in Fig. 1, are given in Table Il. These distances 
were measured near the disk center, where diffusion 
entially unidirectional. It must be noted that 
difficult to locate precisely the inner edge of 
taken as the advancing 
because of a slight pit 
That distance 
eemed to be 


pecimen 
had been chosen 


pecimen from the 


Was @S 
it wa 
the porous zone, which i 
front of void precipitation 
ting over the entire polished surface 
was selected beyond which the pitting 
uniform 

Superimposed upon the micrograph of Fig. 1 i 
the concentration-penetration curve determined by 
heing and chemical analysis. Values of the overall 
or chemical diffusion coefficient computed from these 
Boltzmann-Matano method varied 
Horne and 
Resnick 


curves by the 
within 50 pet from those published by 
Mehl 
and Balluffi 
fore, the value of the diffusion coefficient was ap 


affected by the 


who used sandwich couples, and by 


who used vapor-solid couple There 
presence of 


diffused out 


parently not greatly 


voids in the bra nor by zine being 


instead of in 
The concentration-penetration curves were used 


to estimate the exce vacancy concentration at the 


boundary of the porous region by the method di 


cussed previously. It is assumed that vacancies are 


pumped into each region of the specimen tendin; 


to lose mass because of the unequal diffusion of zine 


and copper. Presumably, these exce vacancies are 


mainly by ab orption ut dislocation 


eliminated 


within this region. If a steady state reached with 
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Fig. Sb—End of ingot. Weight loss equals 165 pet. X75 
Reduced approximately 35 pct for reproduction 


respect to the vacancy concentration 
umption which 


at each point 


in the diffusion zone, an a ecm 


reasonable in view of the much more rapid diffu 


lon of vacancies than zine o1 copper atom then 


the relative exce concentration of vacancies, R 


where N 1 number of atoms per unit volume, 


N. is the ady state vacancy number, N., the num 
Vacancies in thermal equilibrium with the 
lifetime, D D,, the intrinsic 


of zine and copper, and X the 


ber of 
lattice the 
diffusion coefficient 
mol fraction. Assuming that the ratio of the intrinsic 


diffusion coetlicient kK 


the ¢ x pre lon 


KX - aa 


K) 
)| (2) 
x KX 


(An. DD 7 is the chemical dif 


vacancy 


independent of 


concentration used by Balluffiv i 


obtained 


where D 
fusion coefficient 

A simpler expression may be derived if it is a 
umed that the 


rather than the 


difference of the intrinsie diffusion 


coetlicient ratio, is independent of 


COM pO ition 


Since Dis almost constant in the ranye 0 to 5 pet 
Zn lia 


by the Van Ostrand-Dewey 
folloy 


Closely approximate the diffusion curve 
equation and 


therefore be expre ed i 


exp | )| [4] 


this equation, X is the initial concentration of 


R 


in the bra Both Eqs. 2 and 4 have been used 
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@ ‘ 
ae 
( ) D ) = | [1] 
N kK 
| 
(= + 
aa ) ax 
r X 
\ 2 


ate only the dislocation density and 


f jogs in order to obtain a value for R 


Peque ney 
It is not too easy to arrive at reasonable values for 
these quantitie Considerablk ubgrain formation 

known to occur in the diffusion zone Dislocation 
movements such as climb and slip under the action of 


he irinkag tresses must occur steadily through- 


out the proce Therefore the dislocation density and 


configuration are probably far from static. Never- 
thele for lack of any better number, it wa 
decided to use Machlin value for the dislocation 


per 


lit 
tv in an annealed silver crystal, N 


pot 


the diffusion data for 
npl tv obser 
amp It will be ' ™ Table || Chemical Analysis of Materials Used 
deore: 
Wereto 
Impurities Detected Determined by 


by Spectrographic Vacuum Fusion 
Material Analysis Analysis 


nucleated hols » becorne 
ront of the porous zone vill 
nucleation front 
dept probabl tend 1 
Phe eritie: cumulation 
lowe! i vera 


but n ly different 


Hiculation of ul ipet 
‘ nin q em, and lo assume 1000 per em. Numerical 
values of computed on this basis from Eq 


and 7b are given in Table II with the corresponding 
values of R&R, the critical degree of vacancy super- 
aturation for void nucleation in this alloy 

At the elevated temperature under consideration 
it appears reasonable to assume that vacancies will 
the free ener not be trapped at dislocations, and the estimate based 
ind FY, 4 w work of upon Eq. 7b should be favored. In agreement with 
| apparent that the degree of 
upersaturation is far below that for homogeneou 
Our estimate of Ro is somewhat higher 


then previou work, it 


nucleation 
than that of Balluffi epesting a vacancy concen 


tration at least 5 pet | KOE of normal for void 


nucleation in these particular specimen 


Effect of Purification on Void Formation 
Since the low value of RO obtained above cor 
med the hypothesis that voids are heterogeneousls 


nucleated, an experiment was undertaken to see 


the unknown nucle: could be removed by zone puri 
material investigated was initially the 


fication. The 
purity 30 pet Zn a-bra 


ame commercial high 
used in previous experiments at thi aboratory 
In ‘ f actually being zone-melted, some 


bra was sealed in Vycor capsule under 


melted, and directionally olidified wu 
tal furnace It was expected 


ingle 


t olidification would effect some purification of 


lonal 
the solid by partition across the liquid-solid 


face. Sections 1/16 in. thick were cut from the 


erystal ingot produced in this manner, and dezine 
ified in vacuum at 900 C. , ection of the original 
ina material was also dezinecified at 900 C 


pondin Fix ” and 3 are microg ection 


through these specimen It 1 


and directional solidification have drastical 


melting 
affected 
the number of voids formed upon dezincification 
Practically no voids have formed in the interior of 
thie emelted specim although, as indicated bi 
he weight lo essentially all of the zinc has been 


emoved. The pattern of void formation in the a 
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to calculate Round yield values which differ by Ie 
than iO pet 
Recoynizing that the rate of disappearances 
vacancw at equilibriun which also the rate 
of veneration at equilibriur cun be een that R 
equal to the ratio of the te at which vacancie 
© pumped into a given region by diffusion to the eee 
ite at which the pontaneousi enerated | 
thermal fluetuation 
lable I] presents 
of it thie 
ited fror 
Zn bra 
fe, thy 
diffu 
iVillable f 
nucleation front in these If appreciable rowth j 
i for a tre Commerc No impurities except a 0284 
tole the observe tt lead 
ie elted id 
tend to la ection cooled 
‘ il bra 
the Middle of zone Ve f t trace of 
on the ine melted per ingot 
iven in Table I] elted coppe got ynesiu 
those estimated hha 
le } 4 th ¢ . 
ft i 
kl 
of vacune 
formation of 
I 
Vhere is the ene of activation for diffu 
titi thie olution \ Litt ti that i! thi dilute 
olution the chemreal diffusion coefficient. can be 
I 
expressed as D exp therefore 
In the above expre ot the atom tne 
In grain interiors ahead of the porous zone, it ma a argon 
that diy 
Pwo value ofn re po ble. dependu iret 
nter- 
dislocation mad 
N, a 
tivel vhere N distocation density 
[7a] 
\ 
\ 
[7b] 
\ a 


received brass Is similar to that reported previously 
In order to prove that the observed effect was not 
due to a lack of 
the remelted single crystal ingot was reduced 90 pet 
by cold rolling and then dezincified at 900 C. A 
hown in Fig. 4, except for the immediate 
this specimen was also quite free of void 
An attempt wa 


vrain boundaries, a specimen from 


surtace 


made to prepare brass of ex- 
tremely high purity by zone refining an ingot of 
pectroscopic grade copper in a graphite boat 
from this ingot were 
capsules with 30 pect Zn bra 


turnings and annealed at 900 C until an appreciabl 


Section caled 


aPeon 


evacuated Vycor 


amount of zine had distilled into the copper. The 
bra pecimen 
in vacuum at 900 C. Cro 


o produced were then dezincified 
ections of the dezinc- 
ified specimens, Figs. 5a and 5b, show some void 
formation, but again a considerable decrease in 
numbers below the commercial brass, as-received 
More void 
end of the zoned ingot than from the middle, a 
would be expected if void formation were catalyzed 


Formation of voids wa 


appeared in the section taken from the 


by impurities in the metal 
also followed by determining the density of the 
pecimens as a function of the amount of zine re 
moved. Percentage of voids was calculated from the 
density measurements. The results in Fig. 6 indicate 
that at early times voids are formed with almost 
equal rapidity in both refined and unrefined bra 

but later, void formation ceases in the refined bra 

and possibly some sintering occurs. This result is in 
accord with the micrographs which show an initial 


porosity formation at the refined specimen surface, 
but the interior practically free of void 

The above result 
doubt that void 


ogeneously nucleated. A clue to the nature of the 


confirm beyond any reasonable 


formed during diffusion are heter- 


obtained by vacuum fusion analysi 
howed that the a 
wt pet O. A 
olidification reduced the oxygen 


nuclel wa 
Table I 
contained 0.26 


which received bra 
ingle remelt in argor 
and directional 
content to 0.072 pet 
that the nuclei were oxide particles, presumably 
ZnO. In order to check thi 
re-melted and cast in ait A 


Therefore, it appears likely 


conclusion one of the 
purified ingots wa 
dezincified in vac 


pecimen from this material wa 


ium at 900 C with the formation of many void 


Fig. 6—Formation 

of porosity during 
the dezincification 
of «brass. Circle 
refers to commercial, 
triangle, to middle 
of zoned ingot; and 
cross, to end of 
zoned ingot 
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Fig. 7—Puritied brass remelted and cast in air Heat 
treated at 900°C for 24 hr in vacuum Weight loss equals 
165 pet. X75. Reduced approximately 35 pct tor reproduc 
tion 


appear to fall in a 
again that) the 
nucle: are nonmetallic particles present in the melt 


au hown in Fig. 7. The void 


dendritic pattern, which suggest 


It was possible, by careful metallographic prepara 
tron, to reveal the inclusions, and note that then 
number was markedly changed by the re-melting 
procedure 

Although the nuclei are 
in the commercial bra the same cannot be 


eemingly oxide particle 
tated 
for the high-purity material, since no appreciabl 
oxygen could be found in this by vacuum fusion 


Table | Neverthe le 


void formation in taken from the end of 


analyst there was extensive 
ample 
the zoned ingot. At present we do not know what 
the nuclei are in this material 

In the micrographs in Fig is clear that 
even in the remelted and purified specimens a 
hallow laver of voids occurs just below the surface 


This 1 
dezincification rapid change 


not unexpected, since in the early stages of 
In concentration oceul 
near the specimen surface, and the vergence of 
the vacancy flux is correspondingly hig It is po 

ible to estimate the excess concentration of vacanci 
required to nucleate voids in the zone refined speci 
mens by a modification of the calculations piven in 
ection. In the almost completely ae 


thie eritieal 


the previou 
zincified specimen is Obvious tha 
accumulation rate of vacancies for nucleation is not 
related to the diffusion curve at the end of the de 
zineifieation period, but to that which existed earl 


when nucleation wa till occurring If we « 


the change in shape of the diffusion curve with time 
ident that the value of the divervenece ; an 


through 


point below the surface of the specimen por 
a Maximum the height of which function of 
Therefore, a maximum 


distance from the urface 


vacancy concentration may be associated with each 


point within the sample, and the value of this mas 

mum at the inner edge of the void-containing layet 
hould represent the eritical exce vucane concen 
tration for 


amples. The condition for the maximum 


nucleation in the extensively dezineitied 


(D 


again assume tor convemence that the 
diffusion coefficient, D, and the 
) are independent of composition, making 


Van Ostrand-Dewe' 


quantit 


olution we may 
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If we 
se of the . 


Table I|_ Distances from Surface to Inner Edge of Porous Layer in Brass 


Kate of 
Vacancy 
Wt Pet Zn Desineing Depth of Accuma 
Kelfore Type of Temper Desineing Porous lation Per 
speeimen Diffusion Material ature Time, er Jone See 


A co-worker! draw attention to the occurrence of 
in hq. for x ion used in 
a 


minute voids in the grain boundart of metal 


rying out the differentiation and solving trained in tension at elevated temperature Such 
, voids may initiate intererystalline cracking and ulti 


where t, is the time at which i rupture, The author uggvest that these void 
6D formed by the migration of vacant lattice 

concentration is maximum at the depth, existing in the metal or created during de- 

KR! t. in Eq. 4, we obtain the followins formation. Machlin’ ha hown that this mechanism 

xpere ion for the maximum relative ex vacancy is theoretically rea onable if « entially no work i 


oncentration which is developed at any depth, 4 required to nucleate a void, and vacancies merely 
\ (D D Xx condense on existing nuclei of unknown nature. The 
| | | [9] foregoing diffusion experiments suggest that Mach- 
v 1094 lin condition i essentially atisfied in the a 
il received a-brass, but probably not in the purified 


ion enable us to evaluate the eritic: 
bra It was of interest, therefore, to compare the 


ituration ratio for void formation in ve 
the purified bra by letting a equal the depth of behavior of these materials in a stre rupture test 
the shallow porous layer w extensively dezine! Experimental Details The experiment were 
fied sample Value oO computed are pre performed on 30 pet Zn «a-bra pecimens of the 
ented in Table Il, and 1 ay te eon that the de ame stock as before The a received and direction 
of vacancy supersaturation required for the ally solidified bars were cold rolled approximately 
nucleation of voids in the refined specimen is a few 80 pet, and stre rupture specimens 0.125 in. thick, 
orders of mapnitude reater than in the unrefined 0.155 in. wide, with a 1.0 in. gage length machined 
pecimen. Because it is difficult to locate the bound from the cold-rolled stock. The test specimens were 
iy of the porous region precisely, and R vari annealed in evacuated Vycor capsules at 800 C for 
harply with distance at the specimen surface, these } hr in order to stabilize the grain structure 
vialue could be an order of magnitude ino error Stre rupture tests were conducted at 400 C and 
Many of the pores in Fi sand 4 are connected an elongation rate of 40 pet per hr, using a conven- 
with the surface, and in many areas void nucleation tional tensile-testing machine The heated speci 
may have occurred only very close to the surface mens were surrounded in the furnace by brass chip 
the pores then growing inward to some extent of similar composition, to prevent the distillation of 
Void Formation During Creep zine from the test sample Later examinations re 
vealed no evidence of zine lo from the stress-rup 


In a recently published article, Greenwood and ture specimen pecifically, no void formation due 


Fig. 8—Commercial brass (30 pct Zn), as-received Stress Fig. 9—Commercial brass (30 pct Zn), remelted and direc 
rupture tested at 400°C Elongation equals 60 pct Frac tionally solidified. Elongated 65 pet at 400°C X14 Re 
ture profile is at mght X14 Reduced approximately 40 pct duced approximately 40 pct for reproduction 


tor reproduction 
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Nr ] Nr ] R l 
New N Nu D 
see see 
‘ 4 ool 1x10 ix 10 7x10 x10 07 
2 ‘ 2 7 7x10 Tx 2x10" 005 
Purified b fort 7 Ax it 6x10 2x10" 100 
firect 
‘ Purified t ‘ “7 ix10 70 
‘ irified 009 1x10 x10 2x10 10 20 
eMicient edt slate ted above take tre ef ll and 12 
pe ‘ ae pe ee 
‘ 


to dezincification. Elongations were measured be- 
tween gage marks inscribed on the surfaces 
Results——-The first specimens tested were pulled 
to failure. The as-received brass fractured inter- 
ranularly after 6.0 pet elongation. The direction- 
ally solidified brass fractured intergranularly afte! 
14.5 pet elongation. Since the strain rate 
equal, the stress-rupture life of the treated brass 
almost 245 that of the as-received bras 
‘se tests were repeated a few times and the above 

ult confirmed 


were 


time 


Microstructures of the as-received and direction- 
ally solidified specimens after test are shown in Fig 
8 to 10. For comparison, the 
strained 6.5 pet under similat 
hown. It is obvious that the fre- 
quency of occurrence of voids at grain boundaries 1 
much higher in the as-received than in the purified 
bra There is a correlation, therefore, between the 
of void formation upon dezincification and 


tructure of a speci- 
men of purified bra 


conditions is also 


frequency 
the frequency of grain boundary cracking in bras 
tretched at an elevated temperature. The 
of the 
diffusion also decrease 


removal 
nuclei which catalyze void formation during 
toward void 
in creep, and there- 
-rupture life of 


the tendency 
formation at grain boundari 
by significantly improves the stre 
the material 


Discussion 
The experiments described above make it evident 
that the nucleation of 
catalyzed by the presence of im- 
ubstances which tend not to 
theoretically effective nu- 


voids during diffusion and 
creep in metals 1 
puritie Inclusions of 
be wet by the metal are 
clei. According to Kingery and others" the con- 
tact angles between liquid metals and solid oxide 
are frequently high. In the 
ulfur, the 


and silica reaches a value of 172 


presence of a trace ot 
liquid 
One may su 


contact angle between coppel 


pect, therefore, that oxide inclusions furnish a com 
mon site for vacancy condensation 


This supposition is borne out by calculation of the 


degree of supersaturation theoretically required to 
produce the observed nucleation frequency in the 
presence of a nucleation catalyst. Assuming that 
on the surface of the catalyst are in equi 
with lattice vacancies in the matrix, the 
number of nucle: per unit area of 


Volmer-Weber theory 


\F 
exp ( kT 


embryo 
librium 
urface, N.*, 1 
following the 


[10] 


For nuclei in the form of spherical caps on a plane 


Fig. 10—Commercial brass (30 pct Zn), remelted and direc 
tionally solidified Stress rupture tested at 400°C. Elonga 
tion equals 145 pct Fracture profile is at right X14 Re 
duced approximately 40 pct for reproduction 
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surface 


a7» 


3 (4 Ff.) 


where y is the surface energy of the metal, AF, the 
bulk free-energy change upon formation of a void, @ 
the contact angle, and f(#) (2 + cos @) (1 cos @)°/4 
The rate of following Volmer- 
Weber 


nucleation, 1s, 


| Z.N,* {12} 
where Z, is the net rate of arrival of vacancies to 
the nucleu A value of Z, may be obtained from 
Machlin’s calculation of void growth rates, assum 
ing his estimate of the radial growth rate, and not 
that the free surface of the nucleus is equal to 


Init 
Bary (1 cos #) 


(A F,) 


(A F.) | 


in which D, is the diffusion coetlicient 
the vacancy lifetime, and R, the rate of generation 


Therefore 


vacancy 


of exct vacancies in the matrix 


D, 1 


Setting D, ; nja, and utilizing 1/N,ja 


value for nm, at high temperature 


exp| 


N.(N, ya) 
[15] 


From the appearance of the microstructure, Fig 
1, it is estimated that the density of voids at the 
apparent precipitation front is about 10> per cu em 
Assuming that all of the oxygen was present as 1 
p-diam of ZnO, the total 
available for nucleation ts about 500 
em of metal, and the nucleation frequency of the 
order of 0.01 per see per sq em of oxide surface 
(assuming a 10-hr nucleation period). Setting 
1000 ergs per sq em, N, ~ N 10° per cu em at 
900 CL, R 10° per cu cm from the diffusion data, 
value for N, and j 
following values” of 


pherical particle urface 


q cm per cu 


and assuming the same 
mentioned previously, — the 


R are 


A 


calculated from Eq. 15 corre 


ponding to the tabulated values of contact angle 


A 


between metal and oxide, 0; 


‘ 
170 003.4 160°, O12 
4 A 


150 a 0.29 The caleulated depree 


upersaturation are in the us those 
timated from the experimental data, Table II 
The agreement of the theoretical calculations with 
the experimental results indicates that the oxide 
ufficiently 
ed case of void formation during 
catalyze the 


ame ranype 


metal interface is a potent catalyst to 
produce the obsery 


diffusion Thi 


precipitation of lattice vacancie 


interface may likewise 
during creep and 
be an important agent in accelerating rupture at ele 
vated 
boundary cracking by the elimination of oxide 


retardation of grain 


from 


temperature The 
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tay (1 cos 
Bary (1 cos #) 
-——} 
(A F,) kel 
[14] 
as the best 
Bay (1 cos \F 
| R 
| | 
o@ 
< 
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Preliminary Investigation of the Ti-Ce System 


The phase diagram of the Ti-Ce system ts of the peritectic type. The solubility 
of cerium in /i-titanium near the peritectoid temperature is less than | pct, and the 
solubility in «titanium decreases with temperature and is less than 0.19 pct at 
750°C. No intermetallic compounds were found between 0 and 50 pct Ce. Small 
cersum additions reduce the grain size of some commercially available titanium alloys 


by Jack L. Taylor 


Arm 
d with the typical analysi hown 
titanium 0.0065 pet \ 0.0022 pet ke. 
addi 0.0015 pet Cu, and 0.0042 pet ) erium metal 
thre O“OL pet Fe 0.03 pet Si 0.05 pet Ta 0.02 pet 
0.03 pet Ca 0.02 pet Mg, with no trace of Nd 
Th 


rium metal tored in oil, was washed and 


craped just before weighing into capped cups ma 


chined from iodide titanium. The cold hearth helium 
Alloy Preparation are furnace de cribed by Schramm et al.” was used 

P for melting. The alloy buttons from the arc-melted 
cup were cut in two, mounted, and examined. Homo 
eneous alloy demounted and rolled to ap 
J L TAYLOR, Member AIME, is Semor Research Engineer, Jet proximately ! 
Propulsion Laboratory, Calitorma Institute of 
dena, Calit 


taurted 


Section thich 


Tec hnology Pasa ‘ 


it e Ti-Ce 
the 
0.19. 0.36, 0.48, 0.61, 1.15 


14.26, and 18.50 wt pet Nominal 


om th ial samples. Th 


zed for cerium were of 
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Fig. |—Partial phase 
diagram of the 
Ti Ce system 


TEMPERATURE (°F) 


CERIUM(M™® 
compositions between 20 and 50 wt pet were vl ibly 


inhomogeneous after several melting 


Microscopic Studies and X-Ray Diffraction 
All the alloy homogenized at 980 C for 24 
hr. Specimen ealed in evacu 
breaking the 
cooled from 


wert 
of each composition 
ated quartz tubes were quenched by 
tubes under water 


980 C to 850 C 


Another series wa 
held for 168 hi 
quenched. The last series wa lowly cooled from 
980 C to 750 C, and held for 336 hr before water 
quenching 

After quenchin 
8) structure wa 


in 6 then wate! 


from 980 C, the a (transformed 

found in alloys up to 0.61 pet. A 
1.15 pet or 
up to 20 pet 


econd pha e wus detected in the alloy 
and appeared in all the alloy 
Samples for X-ray diffraction were filed from the 
olid alloys containing 4.40, 9.20, 14.25, and 18.50 pet 
Ce, sealed in quart capillars tube und heated to 
que ncehing in 
those of 


either cerium or CeO 


ume temperature as the olid before 
liquid argon. The extra line (ove! 
identified a 
pacings are listed in Table I with 
pacings for both cerium and CeO 
ryvation the 
be either cerium or ceritum-rich solid 
CeQ. line can be explained by the 
filing 
Since 


titanium) were 
The inite rplanat 
the computed 


econd phase must 
olution. The 


From these obse 


rapid oxidation 


cerium in the before and after sealing for 


at treatment alloys up to 20 pet Ce con 
tained only a titanium-rich and a cerium phase it 1 
probable that no intermediate 
the Ti-C ystem: thi prediction of 
Vovel The 90-50 alloy visibly con ting of two 


titanium and cerium, uppest u 


quits pha exist it 


contiirm the 


liquid 
According to Rolla and lan 
for the Ti-La 

f solubility cerium in titanium 
defined between 6 and 0.61 pet Ce at 


cibility region 


tem too 


olubility decrease With temperature 


ence of the detected 


econd phase Wa 
down to 0.19 pet Ce at 750°C 


Cooling-Curve Experiments 
Microscopic observations near the tri formation 


t tit limited 


temperature ol tLanium 
piece 


indicated 


field 
containing 


temperature range for the 


x3/16 from allo. 
and 4.38 p ; hei iw and cooling ¢ 
obtained appuratu 
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that described by Greningvet The upparatu wi 


checked using iodide titanium and pure iron with 


heating and cooling rates between 4 and 25 C per 


The transformation were 10°C 
than those 


For the present work the thermal arrest 


temperature 


lowe! accepted with a +4 C variation 
were rete! 
enced to the measured transformation temperature 
Within the variation ( 


the thermal arrests for the 0.19 pet alloy were equal 


of titanium at 872 C 


on the 
3.06 and the 4.38 pet alloys gave a heating and cool 
ing average of 882°C C. This 10°C difference 1 
regarded a ignificant and indicate a peritectoid 


8 tield 


to those for pure titanium, The measurement 


reaction confining the a 


Determination of the Temperature of the Solidus 

An anomaly in the 
Ce alloy indicated some 
13000 and 1350 C. Very 
ing probably accounts for the 
thermal arrest. Micro 
In evacuated quartz tubes and heated for 10 
min to 1316 1343 1371 and 1399 C showed in 
congruent melting in all but the first. The solidu 
therefore lie 1316 and 


cooling curve for a 9.20 pet 
latent heat effect between 
rapid thermocouple alloy 
absence of a definite 
copie examination of sample 


euled 


temperature between 
1343 C 

A partial Ti-Ce phase diagram is shown in Fig. 1 
diffraction 


curve data, and incipient melting 


bused upon microscopy, X-ray cooling 


Effect of Cerium Addition on the Structure 
of Some Titanium Alloys 


Experiment made with some commercial 


Were 
obtained from the University of 
about 10 p 


titanium alloy 
Michigan. Are-melted buttons weighing 
with about | pet Ce and Vithout cerium, 
quenched from 1100 C after 4 hr. Further heat treat 
follow alloy LS0A, 24 hi 

hr at 750 and alloy 130B, 


button containing certum had dull 


Were 


ment 


Were a 
alloy 140A, 
Alloy 


$75 C 
rough surfaces a 
bright surface of titansum melted by the heltum-are 
method. The 


way by the presence of cet 


compared to the characteristically 


ohlidification pl allected in some 


Table |. KX Ray Diffraction Data on Alloy Contaming 920 Pct Ce 
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1100° and held for 24 hr at 815°C 
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Fig 3--Structure of titanium alloy 150A with cerium, 
quenched from 1100° and held for 24 hr at 815°C X100 
Reduced approximately 30 pct for reproduction 
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Studies on Diffusion in Molten Metals 


Diffusion coefficients in molten metals were measured for Sn-Pb, Bi-Pb, Sb-Pb, 
Cd Pb, Sn Bi, and Sb Sn from 450° to 600°C. Since the observed activation energies 
of these metals in the liquid state were found to be of the same order as those for 
nonmetallic solutions, the diffusing substance may be small particles such as 
metal ions. For Pb Sn, Pb Bi, and Sn Bi, the concentration dependences of diffusion 
coefficients were determined at about 500°C. The results show that the rela 
tions between diffusion coefficients and atomic fractions obey the thermodynamic 
formulas of irreversible processes. For a ternary system, Pb-Sn-Bi, the diffusion co 
efficient of tin decreases as bismuth is added. This effect has been explained in 
thermodynamic terms 


by Kichizo Niwa, Mitsuo Shimoji, Satoshi Kado, 
Yoshihiko Watanabe, and Toshio Yokokawa 


LTHOUGH a tematic re 
liquid 
have been developed by 


ten A 


that 


AIME Visiting Professor, Massa 


Te« hnology 


K NIWA. Member formerly 
chusetts Institute of Cambridge, Mass, 1s Professor 
M SHIMOJI is Assistant Professor, 5 KADO is Research Assistant 
and Y WATANABE YOKOKAWA are Graduate Students 
Dept of Chemistry Hokkaido Sap 
poro Japan 
TP 43968 
February 1957 


mieti as not been 


and T 


Faculty of Science University 


thi ne of 


tructure 


nown approach l quite 


Manuscript, Aug 24, 1955 New Orleans Meeting understanding of the lhquid 


Furthermore, it been found in kinets 


96 JOURNAL OF METALS, JANUARY 1957 TRANSACTIONS AIME 


ndicutir perhap solubility effeet. It of the 
would be premature to conclude that other proper pering 
tie wh us ductilit impact resistance, and tensile 
trength are not affected. It appears that property) 
nvestivation would be worthwhile 

A preliminat the titanium-rict 
partof the Ti-Ce 

probably 
titiat itu il 
itis Gordor nd A Kauft AIME 7 
wou il 95-204, o» Mr Januar 1950 

Gre rigte 7 py 1-2¢ 
Marte 1 106, p. 288; JouRNaL or 
Mie Febru aot 
— — 
ft pape ent (2 cople t AIME b Ma 1, 1957 
te 957 
earch on diffusion in 
carried out, partial 
Vatiou WoOorke!l in 
everal sys ecent papel among 
| them have 
tite 


researches that diffusion plays an important role in 
chemical changes in metallic liquids.’ 

For the purpose of accumulating sufficient infor- 
mation on this important problem, diffusion coeffi- 
cients have been measured over the range from 
450° to 600°C for these systems: 1) tin in lead, 
2) bismuth in lead, 3) antimony in lead, 4) cadmium 
in lead, 5) bismuth in tin, 6) antimony in tin, and 
7) tin in bismuth. For each system the influence of 
temperatures was studied in dilute solutions (0 
to 10 pet). Also, the concentration dependence of 
the diffusion coefficients has been determined at 
500 C for Pb-Sn, Pb-Bi, and Bi-Sn solutions. These 
three systems were chosen as most representative 
In terms of thermodynamics” the Pb-Sn system 
shows positive deviations from Raoult’s law, the 
Pb-Bi system shows negative deviations, and the 
Bi-Sn system behaves almost ideally. It is worth- 
while to consider how these thermodynamic proper- 
ties are related to diffusion phenomena. Finally, the 
influence of bismuth on the diffusion coefficient of 
tin in molten lead has been studied 


Experimental Methods 
I—The first method is based upon the same prin- 
ciple as that used by W. F. Holbrook and his co- 
workers.” A small tube containing pure solvent 
metal is inserted in an alloy bath. After having 


been kept at a certain temperature for a definite 
time, during which diffusion proceeds, the small 
tube is drawn up and quenched 
is divided into several parts for analysis 
paratus is shown in Fig. 1 

The small tube was made from Tellex glass (whose 
properties are nearly the same as Pyrex), 3 mm in 


Then the sample 
The ap- 


Fig. |—Apparatus 
for the first method 
of diffusion measure 
ment. A, alloy; B, 
pure lead; C, glass 
tube; and D, alumina 
tube 
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Fig. 2—Apparatus 
tor the second 
method of diffusion 
measurement. A, 
Pyrex head; B, 
quartz tube; C, mo 
lybdenum wire; D, 
sample; and E, Pt— 
Pt-Rh thermocouple 


diameter and 5 cm in height. A Tammann tube of 
alumina was used as the vessel for the alloy bath 
Both glass and Tammann tube showed no change 
that would contaminate the bath contents at the 
measurement, Tem- 
using a (platinum)- 
Convection in 


temperature of the 
perature was measured by 
(platinum-rhodium) thermocouple 
the alloy bath in the Tammann tube is prevented 
because of the homogeneous temperature region in 
the furnace. This method has been applied to the 
dilute tin in lead system (0 to 10 pet) 

Il—The second method is ordinarily used for 
studies on diffusion in solid metals. The apparatus 
and procedures used are as follows. The small tube, 
made from Tellex glass, of 3 mm diam and 50 mm 
height, is filled with pure solvent up to about half of 
its height. Having been filled up compactly with 
alloy which has been prepared by melting a known 
composition of solvent and diffusing metal, the glass 
tube is suspended in the quartz tube, which is kept 
in the electric furnace. Then the apparatus is evacu- 
ated (10*‘ mm Hg), and the nitrogen gas is circu- 
lated over the entire reacting system, The apparatus 
is Shown in Fig. 2. Other procedures are the 
as in I, above. This method has been applied to all sys- 
tems except the Cd-Pb system. In the case of the ter- 
nary Pb-Sn-Bi, measurements were carried out with 
attention to the so-called quasi-bimary system of Bi 
Pb:Sn. The lower part of the tube was filled up 
with Pb-Bi alloy, and the upper part, with alloy of 
tin, bismuth, and lead.” 


present 


same 


* For example: lower part. Pb Bi 0901; upper part Sn Pb Bi 


05.045.005 

Hil—The third method used here is the 
that used by Kitchener and his co-worker The 
pure solvent metal is fused in vacuum and filled up 
to about 30 mm length in the small Tellex glass tube 
then cooled. After a small amount of alloy (for 
example, containing about 1 pet Cd) is placed on 
the solvent metal, the tube is sealed off in vacuum 
as the vapor pressure of cadmium is high (see Fig 
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bismuth were analyzed by 


in the form of SnO, and Bi,O 


per- 


colorimetri 


the five metals used in 
in, bismuth, antimony, and 
Pb—99.95 pct; Sn—99.8 

99.6 pet; and Cd-—-99.9 pet 
preliminary test that 


accompanying each 
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Tin could not be detected in 
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d by equation 1 
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ndent of concentration. The 


Dr) | 


(sau ) function A 


the condition iven, the diffu 
ficient. ws determined by the value meu 


‘ and a A 


mid a ul variou 


the value of 1) obtain 


eculeulation relate to 


cutise of 


chemicu 


method olution o 


equation 


md are know 


diffusion coetlicient 


98 JOURNAL OF METALS 


pplyin the relation between 
temperature in equation 2, 
ed are iven in Table Il, The 
ose O.5 be 
uncertaints in the 

dary condition of the second 


f Fick's second law, expressed 


Dt) ] [3] 


determined by taking 
true contact urtace 
onditions given, and the 


d by introducing 
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the values measured for ¢ and ax into equation 4 


Table III shows the values of the diffusion coefficient 
calculated from equation 3, at various temperatures 
The measurements were made by this method fo 
Pb-Bi. Pb-Sb, Sn-Bi, and Sn-Sb. The calculation 
relates to values near c/c 0.25 

111-—The layer of diffusing metal obtained in the 
third method is very thin and therefore its thickness 
can be considered negligible compared with the 
diffusion length. Under this condition the appro- 
priate solution of Fick’s second law is given by 


S/2\ 2 Dt exp( r/4Dt) [4] 


where ce is the concentration at a distance x afte! 
time t is the total quantity of diffusing material 
per unit area of cro ection, and D is the diffusion 
coefficient. As an example, the observed values of 
c at 450° and 500°C are plotted against 2 In 
where the concentration of cadmium in lead 
given in terms of weight percent 
Diffusion coefficients were calculated from the 
lopes of graphs similar to Fig. 4 by the aid of equa- 
tion 4. The results are given in Table IV 
The diffusion coefficients in these dilute solution 
are graphed in Fig. 5. From these data the following 
Arrhenius-type equations are obtained. Here the 
accuracy of activation energy is about +1 keal per 
mol 


D 2 exp(-— 5900/RT) m pe 
Dy 96 10‘ exp( — 4200/RT) m pe 
10 expt 6400/RT) m pe 
10° exp(— 4800/RT) m pe 
D 5.2 10‘ exp( — 3200/RT) sq cm pe 


10‘ 2800/RT) sq cm pe 
10° exp(— 5000/RT) sq cm pe 


3.3 
3 


In the above investigation, diffusion phenomena 
in various molten systems of alloys have been 


A 


Fig. 3—Diffusion 
cell for the third 
method. A, Tellex 
glass tube, 3 mm 
ID, B, Pb-1 pet Cd 
alloy; and C, pure 
lead 


Wu 
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The remaining procedure 
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The pur 
le 
cadmium, were as fo 
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tanee 
tm i 4 g ! 4 
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sec 
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where diffusion distance, a 


tudied at low concentrations of diffusing substance 
and diffusion coefficients have been determined as 
constants independent of concentration. However, 
it is Known that the values of diffusion coefficients 
vary with concentration in solid alloys.” Thus, we 
hould confirm these phenomena in liquid alloys 
Generalized solution of Fick’s second law is given by 


Dic) (1/2 t)(da/dc) | xrde [5] 


for constant.” An example of the relation be- 
tween concentrations and diffusion distances in 
Pb-Sn is shown in Fig. 6 

Substituting results of the Pb-Sn system with the 
data for the other four concentrations in equation 5, 
diffusion coefficients, D, at given concentrations, 
were obtained, and are shown in Fig. 7. Obviously, 


Table Il. Diffusion Coefficient of Tin in Molten Lead 


Temperature, 450 10 50 600 


Sq Cm per Sec 


the relation between diffusion coeflicients and con- 
centrations results in a curve that has a minimum 
convex to the concentration axis 

Similarly, the experimental results for Pb-Bi are 
hown in Fig. 8 

In this figure, the concentration dependence of 
diffusion coefficients of bismuth in Pb-Bi is shown 
to have a maximum to the concentration, as opposed 
to the Pb-Sn system 

According to the recent work of Grace and Derge, 
their diffusion coefficients in Pb-Bi agree with our 
present data on low-bismuth alloy However, in 
the region of high-bismuth alloys they obtain great- 
er values by a factor of about 10°. This discrepancy 
probably can be attributed to an ambiguity in an- 
alyzing the experimental results. For example, thei 
assumption that the diffusion coefficient is inde- 
pendent of concentration is inconsistent with thei 
resultant data Furthet the abnormal volume 
change of bismuth on melting may have an influence 
on the boundary condition in their solution of Fick’: 
econd law 

Lastly, Fig. 9 is obtained for the Sn-Bi system 
Here, diffusion coefficients are found to change al- 
most linearly with concentration 

The above three cases will be discussed more fully 
in a later part of this paper, and the relationship 
with thermodynamic properties will also be made 
clear 

Finally, the effect of a third element on the diffu- 
ion was studied for the Pb-Sn system by adding 
bismuth. As an example, diffusion coefficients were 
determined from our experiments for the composi 
tion N 0.1, and their plots against concentration 
of bismuth result in Fig. 10. As seen in Fig. 10, the 
addition of bismuth is found to decrease the diffu- 
of tin in thi ystem 


ion coefficient 


Discussion 

The experimental results, which have just been 
described, show that the energies of activation of 
diffusion in molten alloys are no more than of the 
order of several kilocalories, which is the same order 
as In the case of nonmetallic solution On the othe: 
hand heats of vaporization of most of the metallic 
olutions are much higher than those of the so-called 
molecular liquid Similar relationships in viscosity 
have been stressed by Eyring and his co-worker 
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> 
| 
» 
L 4 


Fig. 4—Relation between logarithm of concentration, C, in 
weight percent and square of distance, x, in centimeters in 
Cd-Pb system at 450°C, t equals 1.5 hr; and 500°, t equals 
10 hr Closed circles refer to determinations made at 
450°C; open and closed triangles, at 500°C 


Fig. 5—Temperature 
dependence of dit 
fusion coefficients 

in several systems 
Open circle repre 


sents antimony in 


lead; closed circle, 
tin in lead; open e 
square, bismuth in oF 
tin, closed square, 
antimony in tin; 

open triangle, cad 

mium in lead, closed 
triangle, bismuth in 

lead; and cross, tin ‘ ‘ 
in bismuth 


Fig. 6—Relation be 
tween atomic frac 
tion of tin and diffu 
ston distance in 

Pb Sn system at 
510°C. Diffusion 
time is | he 


Fig. 7—Relation be 

tween diffusion co 
efficient of tin and 

its mole fraction in 

Pb.Sn system at 

510°C 
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Fig. &—Relation between diffusion coefficient of bismuth 
and its mole fraction in Pb Bi system at 500°C 


Fig 9 Relation between diffusion coefficient of bismuth 
and its mole fraction in Sn Bi system at 500°C 


Fig. 10-—Relation 

| between diffusion 
coefficient of tin in 
ternary molten Sn 
Pb. Bi system at N. 

| equals 0.1 and 

510°C 


Fig. 11—Relation 
between Di, and 

mole fraction of 

Bi, Nw 
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In most non-electrolyte liquids it has been found 
that the following empirical relation holds between 
activation energy for viscous flow, AE,,, and energy 
of evaporation, L 


However, the ratio L./AE,,, in most metals has much 
value (8 to 25) than in equation 6. Hence, 
been assumed that the unit of flow in metals 
than the unit of vaporization. In 
assumed to be the metal 
Then 


3to4 [6a] 


large! 
it ha 
is much smaller 
words, the former is 
since the latter is the neutral atom 


refer to the radii of the ion and 
The amended ratio L,/AE,,, of 
metals is very close to equation 6b. Similarly, the 
present experimental results on diffusion flow in 
can be explained intuitively in terms 


other 


on, 


3to4 [6b] 


where r and T,,.. 
atom, respectively 


liquid metal 


Diffusion Coefficients for Various Elements in 
Molten Metals 


Table 


Dx 10, Sq Cm per See 
Diffusing 
solvent Metal 


of metal ions stripped of their conduction electrons 
More rigorously, this may correspond to the fact 
that free electrons in metals play a special part in 
transport phenomena 

The thermodynamics of irreversible 
indicate that the diffusion flow i 
the gradient of chemical potential 
view, we obtain 


processes 
proportional to 
Adopting this 


D,(1 + din f,/d in Ny) [7] 


represents the diffusion coefficient in ideal 


where D 
olution, fy the 
diffusing component, and Ny, is its mole fraction 

The relation between diffusion coefficients 
concentrations has been given in the previous sec- 
tion. Comparing these results, it may be concluded 
that the positive deviation from Raoult’s law should 


denotes activity coefficient of the 


and 


Table 1V. Diffusion Coefficient of Cadmium in Molten Lead 


Temperature, °C 450 
Dx 10), Sq Cm per Se« 39 


diffusion coefficient at 
about the same concentration as seen in the Pb-Sn 
that the negative deviation from that law 
the maximum value shown in Pb-Bi, and 
further, that a nearly ideal solution as in the case 
of Sn-Bi shows an almost linear change with con- 
centration, thermodynamically in with 
equation 7 

When the quantity of the third element, bismuth, 
may be taken as almost uniformly distributed over 
all the sections in comparison with the quantities of 
lead and tin, we obtain 


D=D (1 +dinf""/dinN_ ) 


show a minimum value of 


ystem,; 
produc es 


agreement 


[8] 
for this quasi-binary (Pb-Sn) system. In equation 8 
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the activity coefficient, f', has a different value 
from that in the purely binary system. The activity 
coefficient of the latter system, f” is related to that 


of the quasi-binary system, f'""’, by 


[9] 


There is available no satisfactory experimental 
knowledge of f"""'-f. | which was, accordingly, esti- 
mated theoretically by a procedure devised by Niwa 
and Shimoji.” Calculating f.. », by using this method, 
we obtain positive values indicating an increase of 
the activity of tin in Pb-Sn with the addition of 
bismuth, in consequence of which the value of 
(1 4+ din f../d In N,,) decreases under the coexist- 
ence of bismuth in our quasi-binary system 

From these thermodynamic considerations on dif- 
fusion, it may be expected that the diffusion coeffi- 
cient of tin in Pb-Sn decreases owing to the presence 
of bismuth. This expectation is confirmed by the 
present experimental results of diffusion on quasi- 
binary Pb-Sn-(Bi), as has been shown in Fig. 10 

According to Eyring’s theory, the product, Dy/ 
(1 + dInfy/dinN,), represents the linear change 
with concentrations, » being viscosity coefficient 
Calculating the value of D for Bi-Sn system at 500°C 
results in Fig. 11." The Bi-Sn system behaves as a 
nearly ideal solution, so it is quite interesting that 


the values of Dy change almost linearly with con- 
centrations 
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Effect of Rolling Procedure on the Kinetics Of 
Recrystallization of Cold-Rolled Copper 


OFHC copper was rolled 96.4 pct by the straight-pass, cross-pass, and compression- 
pass techniques. These materials developed different deformation and recrystallization 
textures, different 1-hr recrystallization temperatures, and different recrystallization ki- 
netics, although they had the same temperature dependence of the rate of recrystal- 


lization, Q,. 


by J. T. Michalak and W. R. Hibbard, Jr. 


HAT the amount of deformation and annealing 
the recrystallization temperature 
been well established 


time influence 
of cold-rolled copper ha 
Evidence that the recrystallization temperature can 
be affected by the deformation texture ha 
reported by Brick and Williamson, who found that 
traight-cold-rolled to 99 pet reduction | to 


been 
copper 
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produce one deformation texture and copper ero 

cold-rolled to 99 pet reduction to produce a second 
and different deformation texture correspondingly 
recrystallized at different temperatures to different 
textures. The purpose of the present work was to 
tudy more thoroughly the effect of the deformation 
texture on the recrystallization of cold-rolled copper 


Experimental Procedure 
The copper used in this investigation was com- 
mercial OFHC copper (nominally 99.985 pet Cu) in 
the form of 60.500-in. plate. Qualitative 
howed only a slight trace of iron 


pectro- 
graphic analysi 
performed to 


ilver. No analysis wa 


determine the exact content of the iron and 


and a trace of 
ilver, 
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"J 
p. 85 
‘N 
K 
p. 24 
Engine 
M 
1935 
D 
1954 


other po ble impuritie which would not show 
ip in a spectrographic analysi The grain size of 
thie larting material varied from 0.04 mm at the 
urface to 0.12 mm at the center, and texture deter- 
miinat ! Ned a onentation 

pecs IxIx! n were prepared for the 


rolling and an octagonal specimen 


was prepared for the compression rolling. The cop- 


pu pecimen Were rolled on a mill with two 6-in 
roll Without lubricant The traignt-rolled 
pecimen was passed through the rolls in one direc 


tion only and the cro rolled specimen was passed 


through in two directions 90° apart in the plane of 
rolling Phe rolling procedure for both was as fol 

lov 0.010 in. per pass to 66 pet reduction, 0.005 in 
per pa to 64 pet reduction, 0.002 in. per pa to 


94 pet reduction, and 0.001 in. per pass to 96.4 pet 


eduction, The octagonal copper specimen was com- 
pression rolled in the following mannet 0.010 in 
per pa with 11° angle of rotation per pass to 66 
pet reduction, 0.002 in. per pa with 7 angle of 
rotation per pass to 66.5 pet reduction, and 0.001 in 
peer pa with 7 angle of rotation per pa to 96.4 


pet reduction. The final thickness of the three rolled 
O.O18 in 


specimens Lx 


heet Wi 
in. were cut from the rolled sheet 
and each specimen was wrapped in copper foil for 
the annealing treatment. Annealing was cart 


in an electrically heated molten salt bath controlled 


ied out 


to *3 
Metallographic specimens were prepared from the 


as-rolled material and from each of the annealed 


pecimens in the standard manner and etched with 
potassium dichromate The structure was examined 
in a plane perpendicular to the rolled surface and 
parallel to the rolling direetror The fraction of the 
tructure reerystallized was determined by a lineal 


imnalysis of photomicrographs taken at X500. A tran 


~ 


- 


Fig |--Microstructures of the straight-rolled (top), cross 
rolled bottom) specimens 
X500 Reduced approximately 50 pct for reproduction 


center), and compression rolled 
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photomicrographs 
structure Was 


placed over the 
tallized 


parent grid wa 
and the area of the recry 


determined by counting the squares occupied by the 
recrystallized grains 
Diamond pyramid hardness values were obtained 


pecimen on a standard Vickers micro- 


ng a 2500-g load to establish a 


for each 
hardne tester u 
relation between hardne 


and percentage of recrys- 
tallization 

The deformation textures resulting from the three 
types of rolling and the recrystallized textures were 
obtained by the use of an automatic Geiger counte! 
X-ray pectrogoniometer. Texture deter- 
minations were made on the central portion of the 
heet. The specimens were obtained by etching 
1.0-in. squares of the copper sheet in dilute nitric 
acid solution down to 0.002-in. thicknes 


diffraction 


Results and Discussion 
Structure of the Rolled Sheet—Metallographi 
-rolled sheet showed that the 
elongated the 
There 
microstructure of 


examination of the a 
original 
direction of rolling and reduced in thickne 
difference in the 

cro -rolled, and compre 1on- 
iu hown in Fig. 1. The rolling 
predom 


equiaxed grain were 


was no visible 
the straight-rolled 
rolled specimen 

texture of the straight-rolled sheet wa 
inantly a preferred orientation best described a 


Table |. Values of A and Q./R 


Kolling 1, Min 


with (110) [112] and 


rolling pro- 


near (123) [121] together 
(112) [111], a 
duced an onentation near (110) [223], as shown in 
Fig. 3, and compression rolling resulted in the (110) 
texture, a hown in Fig. 4. These textures have 
previously been reported in the literature 


hown in Fig. 2. Cro 


Annealed Sheet—New, strain-free 


random throughout the 


Structure of 
rains did not appear at 
rolled material, but were 
central area of the heet in the 
direction of the 


most prevalent in the 


form of stringers o1 


hands in the elongated deformed 
vrain. This was noted in specimens of each type 
of rolling and did not appear to be a function of 


band were ob 


the time at 


the time or temperature since the 
and times. A 


increased, the recry 


erved at all temperature 
a given temperature tallization 
became more widespread in the remaining strained 
material. The straight-rolled sheet recrystallized to 
a structure which showed a preferential growth of 
the grains in 
tion. This tendency wa 
in the cross-rolled or compression-rolled material 
The grain size of the completely recrystallized struc 
ture was very nearly the same for the cross-rolled 
and compression-rolled specimen The traight 
rolled material had a slightly larger recry 
grain size than the other two. Typical photomicro 
graphs are shown in Fig. 1 

The recrystallized texture of the straight-rolled 
heet was determined from a specimen annealed a 


300 C for 5 min. The orientation was found to be 
the (100) [001] cube hown in Fig. 5 


a direction parallel to the rolling direc 


also found to a lesser extent 


tallized 


texture, a 
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166*0.4 
art 


Fig. 2—(111) pole figure of straight-rolled copper. Triangle 


refers to (110) [112]; circle, (112) [111]; and square, 
(123) [121] 


This texture has been previously found many times." 
The texture of the cross-rolled copper was obtained 
pecimen heated at 300°C for 30 min. The 
random, as 


from a 
resulting texture was predominantly 
shown in Fig. 6. This texture is somewhat different 
from the moderate texture found by Brick and 
Williamson.” Their copper was cold-rolled more ex- 
tensively, namely 99 pet. The completely recrystal- 
lized texture of the compre 
determined on a specimen annealed for 45 min at 
300°C and was also nearly random, see Fig. 7 


ion-rolled material wa 


Hardness Vs Percentage of Recrystallization—The 
rolling techniques produce different amounts of 
train hardening, as evidenced by hardne 
for the as-rolled condition. (Straight-rolled Dph 
ion-rolled 


value: 


106; cross-rolled Dph 97; and compre 

Dph 91.) The completely recrystallized hardne 

is approximately the same for the three rolling 
conditions (Dph 51.5). Hardne was used to 


verify the results of metallographic examination 
Effect of Annealing Temperature and Time—The 
data showing percentage of recrystallization pro- 
duced by the various annealing times and tempera- 
tures are shown graphically in Figs. 8, 9, and 10. The 
nucleation period prior to the start of recrystal- 
lization at a given temperature was shortest for the 
traight-rolled material. The shapes of the curve 
are similar. The recrystallization temperatures for 
a l-hr anneal are different for each type of rolling 
the straight-rolled copper recrystallized at the low- 
(about 250°C), the cross-rolled 
intermediate temperature (about 
ion-rolled copper, at the 


est temperature 
copper, at an 
283°C), and the compre 
highest temperature (about 300°C). The variation 
in recrystallization temperatures for the three roll- 
ing procedures may be accounted for by difference 
in the nucleation period. These differences can be 
correlated with the different degrees of 
ulting in different as-rolled 


train hard- 


ening, re hardne 


value 
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Fig. 3—(111) pole figure of cross rolled copper. Triangle 


represents near (110) {223} 


been 


recrystallization has 
recrystallization 
a plot of In 
the time for 50 pet reerys 
absolute tem 


The time for 50 pet 
determined from the 
curves of Figs. 8, 9, and 10. Fig. 11 i 
1/t vs 10°/T (where t i 
tallization at temperature T, and T i 
perature). A straight-line relation between these 
two variables wus found in all three case This 
relation suggests that reerystallization follows the 


isothermal 


rate equation 
Rate ~ Ae‘ 


The value of the activation energy, Q,, as deter 
mined from slope Q,/R, is 36.6 * 0.6 keal per 
mol. This value of the activation energy is some 
what larger than the value of 29.9 keal per mol 
reported by Decker and Harker” for straipht-rolled 


Table Il. Values of B and n 


Straight ras. (Compression 
Temper 
200 24x10 126 
250 92 o 102 
2835 114 125 


OFHC copper (99.7 pet). The difference may be the 
result of variation in impurities between the two 
OFHC coppers (no detailed chemical analysis in 


either case) or it may be due to the differences in 
the amount of rolling 

The constants A and Q, wer 
method of least squares from the 
Fig. 11. The values are in Table I 


made to determine the relative 


evaluated by the 
data plotted in 
An analysis of 
prob 


Variance wa 
ability that the slope or the 
probable that the slopes are 
intercepts are. The difference 
of rolling 


intercept Wa constant 
It is five time more 
constant than that the 


in the values of A for the three technique 
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Fig 4--(111) pole figure of compression rolled copper 


Fig 5—(111) pole figure of copper straight-rolled 96.4 pct 
and annealed 5 min at 300°C. Triangle represents (001) 
| 100 | 


Fig 6 (111) pole figure of copper cross rolled 96.4 pct and 
annealed 30 min at 300°C 


Fig. 7—Pole figure for copper compression-rolled 96.4 pct 
and annealed 45 min at 300°C 


“ours HOURS 


Fig. 8 -OFHC copper straight cold rolled 96.4 pct reduction Fig. 9—OFHC copper cross cold-rolled 96.4 pct reduction 
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Fig 10—OFHC copper compression cold-rolled 96.4 pct 
reduction 


are associated with differences in nucleation period 
and may be related to differences in the nucleation 


frequency, N, or the growth rate, G, or both 

Following the general equation of Avrami” for 
isothermal recrystallization, 

X 1 — exp (— Bt") 

where X is the fraction recrystallized, t is the time, 
and B and n are constants; the values of B and n 
were determined from logarithmic plots of log 1 
(1 X) as a function of t. Typical plots are shown 
in Figs. 12, 13, and 14. The values of the constants 
as a function of temperature and type of rolling are 
in Table Ii Values of n between 1 and 2 are indi- 
cations of one-dimensional, wire-like growth and 
thus are consistent with the metallographic observa- 
tions illustrated in Fig. 1, showing that recrystal- 
lization occurred initially in stringers 


For one-dimensional growth, B f (NG), or for 
early nucleation B f (NG), and assuming either 


G G.exp Q,/RT) 


and/or 


N=N exp ( 


Q,./RT) 


additional information might be obtained by a plot 
of log B as a function of 1/T. Such a plot is shown 
in Fig. 15. The shape of this curve is of the form 
consistent with temperature dependence of G, de- 
termined from the data of Ward, Turnbull, and 
Treaftis as reported in Burke and Turnbull.” Fig. 15 
is also consistent with Fig. 11 since the latter does 
not contain points for 10°/T > 2.0 


2 


Efforts were made to measure N and G by metal- 
lographic means. This procedure was experimentally 
unfeasible, since with the techniques used it was 
possible to distinguish recrystallized areas but it 
was not possible to distinguish clearly grain bound- 
aries within reerystallized areas. As _ previously 
noted, the final grain sizes of the three types of 
material were similar so that there is no large 


difference in the N/G ratio 


Summary 

The significant differences between the recrystal- 
lization behavior of straight, cross, or compression- 
rolled copper appear to be associated with 

1) Different deformation and 
textures 

2) Different as-rolled hardness, i.e., 
hardening in straight-rolled material 

3) Differences in nucleation periods (see Figs 


recrystallization 


more strain 
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Fig. 11—Tempera- 
ture dependence of 
the time for 50 pct 
recrystallization of 
OFHC copper cold- 
rolled 96.4 pct re 
duction. T represents 
temperature in °K; 
and t is time for 50 
pct recrystallization 


Fig. 12—Fraction of 
straight-rolled cop 

per recrystallized as 
a function of time at 
various temperatures 


Fig. 13—Fraction of 
cross-rolled copper 
recrystallized as a 
function of time at 
various tempera 
tures. 


Fig. 14—Fraction of 
compression-rolled 
copper recrystallized 
as a function of 
time at various 
temperatures 


9, 10, and 11), 1.e., straight-rolled material starts to 
recrystallize faster 

4) Different values of the 
pendent intercept constant A in the rate equation 


The differences in the behavior of the straight 


temperature-inde 
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Seam H. Brandhorst. Calculations were performed by Mrs 
‘ : Emma Smith. The interpretation of these result 
7 was stimulated by discussions with Dr. D. Turnbull 
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Hydrogen Embrittlement 
In an Ultra-High-Strength 4340 Steel 


Tension, notch-tension, bend, and sustained-load tests have been employed in the examination 
of the hydrogen embrittlement of high-strength 4340 steel. Hydrogen was introduced into the 
specimens under conditions corresponding to cleaning and plating conditions. Hydrogen-embrittle- 
ment in the static tests was found to depend on the strain rates used, in agreement with previous 
work. However, the rate of recovery from hydrogen embrittlement was found to differ for the 
cathodically cleaned and plated specimens. Failure in the sustained-load tests was shown to result 
from the development of a surface crack which, through growth, reduced the load-bearing cross 
section, with a consequent increase in the nominal stress on the section to a value equal to the 
fracture stress. 


by E. P. Klier, B. B. Muvdi, and G. Sachs 


| ois now generally recognized that hydrogen 1 for the embrittlement is introduced in the cathodu 
responsible for delayed failures encountered in cleaning and plating operations to which these steel 
high-strength steel and the hydrogen responsible are subjected 
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ber AIME, are associated with Research Institute, Syracuse Univer past for the determination of brittlen« in em- 
sity, Syracuse, NY brittled parts, namely tension, notch-tension, 

TP 4219— Manuscript, May 5, 1955 New York Meeting, Febru impact, stress-rupture, and bend test Several 
ary 1956 of these tests are not suitable for routine testing 
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Other tests are insensitive and will not clearly indi- 
embrittlement due to hydrogen. Notable among 
latter is the impact test, which does not respond 

hydrogen. Furthermore, for 
which have recently been used in measuring hydro- 
ven embrittlement has there been suitable correla- 
tion with the embrittlement that arises due to the 
plating operation 

In the present report hydrogen embrittlement as 
promoted by copper plating is compared to that de- 
veloped by cathodic treatment in caustic soda for 

$340 steel at selected strength levels above 200,000 

psi tensile strength. Data have been obtained with 

bend, variable-rate tensile, notch-tensile, and sus- 
tained-load test 


none of the tests 


Experimental Procedure 

The 4340 steel selected for this investigation wa 
obtained as 9/16-in.-diam bar stock having the fol- 
lowing chemical composition: 0.38 pet C, 0.71 pet 
Mn, 0.017 pet P, 0.02 pet S, 0.30 pet Si, 1.90 pet Ni, 
0.96 pet Cr, and 0.24 pet Mo. The rough-machined 
pecimens were austenitized in carbon blocks at 
1600 F for 1 hr, oil quenched, and tempered at tem- 
from 400° to 800°F. The bend, tensile, 
notch-tensile ustained-load specimen 
used are illustrated in Fig. 1. Fig. 2 shows the hard- 
re of the 4340 steel studied as a function of tem- 
pering temperature, together with the tensile 
treneth and ductility curves for a comparable heat 
of the same steel 

The tension tests were made on a 60,000-Ib uni- 
versal testing machine. All strain rates reported are 


perature 
impact, and 


Table | Results of Cathodically Embrittled Bend Test Specimens 
of 4340 Stee! (1600°F — Oil), Tempered at 400°F. Test Tempera 


ture Room Temperature 


( urrent 

Charging 
Ma per Time 
Sq in Min 


loading 
Kate, In 
per Min 


Deflee 
tien, In 


Treatment Given 
to Specimen 


Aged for 48 


britt 


hr after 


approximate and refer to the no-load rate of cro 


head movement. The three rates employed were 2 


0.2, and 0.02 in. per min, which corresponded to 
7000, 1000, and 125 psi per 


Constant-load test were 


ec, respective ly 
conducted in. stre 
imulate sustained- 


rupture machines in order to 


load applications. Impact-bend tests were used for 
evaluating the effect of very high strain rate 

In all tests where 
required, special aligning fixture 


Hydrogen wa 


ing according to commercial practice. The 


concentricity of loading wa 
were employed 

introduced into selected specimen 
were embrittled by cathodic 


pecimen 
odium hydr 


in an electrolyte of 10 pet 
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us 


Fig. 1—Test specimens used in this investigation 


oxide. Exposure times of ‘4s and 24% hr at a current 
density of about 500 ma per sq in 


ymbol C, and 


were used to 

obtain hydrogen content ymbol C., 

respectively, in these specimen 
Experimental Results 

Bend Tests—Preliminary experimentation 

to evaluate the effects of medium and high hydrogen 

were performed 


erved 


contents. For this purpose bend test 
on 4340 steel specimens tempered at 400° F 

The results of the bend tests on pecimen 
are presented in Fig. 3. The ductility of 
pecimens measured by the deflection at fracturing 
clearly revealed the effects of variou 
train rates (Fig. 3) 
found 


mooth 
mooth 


conditions of 
embrittlement, and variou 

The ductility of notched-bend 
to be an insensitive index of hydrogen embrittle 
also applied to the fracture load, but 
to a lesser degree. Because of this lack of sensitive 
response to hydrogen embrittlement, all bend test 


pecimen Wal 


ment, and thi 


reported were performed on smooth specimen 


The most notable feature of Fig. 3 1s the pro 
nounced dependence of hydrogen embrittlement on 


train rate. Specimens embrittled under the most 


evere conditions remained ductile in the impact 


test. In contrast, a decrease in the strain rate by 


about two ordet to the maximum strain rate po 


ible in an ordinary tensile machine, led to pro 
nounced embrittlement under nearly 


For cell-ex 


all controllable 


cell-operating condition posure time 


of 20 min or more, hydrogen embrittlement wa 
observed with this test at current densities of 10 ma 
per sq in. or greater 

Specimens embrittled by cathodu 
caustic soda recovered ductility within a short time 
if aved at room temperature, as indicated in Table I 

jend-test data for plated Table II, in 
dicate that hydrogen embrittlement due to plating 
is severe and if plating conditions are to be simu 
lated 
reason, two hydrogen content have been detined in 
00 mia 


treatment in 


pecimen 


evere cathodic treatment is required, For thi 


terms of a current density of approximately 
per sq in. for %-hr exposure for hydrogen content 
C. (to simulate embrittlement due to copper plat 
ing), and for 24%-hr exposure for hydrogen content 

While the initial conditions of embrittlement ob 
erved in the cathodically embrittled specimen 
corresponded to that observed in plated 
recovery of ductility for the two embrittled cond) 
trikingly different. For the plated speci 


pecimen 


tions wa 
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em lenent 
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embrittlement 
a) Aged for 212 hr after 020 026 
embrittlement 
Aged for 48 hr after 020 0 26 
embrittlement 
Aged for 44 hr after 020 026 
Aged for 212 hr after 020 026 
‘ brittle: ‘ 
150 Aged for 212 hr after 020 0 095* 
embrittlement 
er b ke it the deflection indicated The rest of the 
i ‘ lid it fracture at 0.26 i deflectior which is indicative 
leat 
pla 
remaining 
treatment 


d 
+6 tensile strength, and 
| reduction of area of 
| unembrittled 4340 
= steel as a function 
d of tempering tem 
T ] perature 
a 
| 


Fig. 3—Deflection 
‘ asa function of 

. charging time for 
smooth bend speci 


. 
Ah mens of 4340 steel 
4 with strain rate and 
hydrogen content as 
a” \e parameters. Test 


temperature equals 
room temperature 


men recovery at room temperature progre ed at 


a slow rate and was difficult to achieve fully for the 


test specimen used even with baking treatment 


Thus. the recovery rate is much slower for the smooth 


plated specimens than it is for the notched cathod 


cally embrittled specimens investigated by Frohm 


bere, Barnett, and Tromno 


Tension Tests—Tension test on mooth and 


notched pecimen were completed and pertinent 


data are presented in Figs. 4 and 5 in comparison 


vith the notel trength of a comparable unem 
brittled heat of 4340. Smooth specimens in general 


broke in the fillet where the tre concentration 
factor was approximately K 1.7, where K is the 
theoretical stre concentration factor as determined 
by Neuber’s theory according to Peterson. Tensile 


trenuths for these specimens have been referenced 


in the figures at a stre concentration of K 1.7 


The noteh-strength values for the embrittled steel 
were found to depend on the trength level (on 


tempering temperature), the strain rate, the hydro 


gen content and the tre concentration factor A 


evident in Fig t and 5 hydrogen embrittlement 
i evere only for tempering at le than 800 F. In 


yeneral, with increasing hvdrogen content and with 


decreasing strain rate, brittlene was enhanced. For 
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the notched specimens increasing stress concentra- 
tion also promoted an increase in brittleness. The 
brittlene condition observed for the smooth speci- 
mens, however, did not fit into the general pattern 
of behavior observed for the notched specimens. It 
appears that the inversion of effect of stress concen- 
tration in promoting embrittlement is due to a multi- 
plicity of factors. Among these is the change in the 
cell-operating conditions caused by the change in 
the geometry of cathode. For example, the throw- 
ing power of a plating cell is altered by the geometry 
of the cathode. As a consequence the hydrogen con- 
tent of the metal at the base of a sharp circulat 
notch would be le than that in a volume of metal 
in the smooth contour of a well filleted shoulder 
Further, the diffusion for the sharp circular notch 
would be along a two-dimension gradient while fot 
the smooth specimen this gradient would be one- 
dimensional. It may be expected, therefore, that 
the hydrogen content of the shoulder of the smooth 
pecimen would be higher and would remain higher 
than that at the base of the sharp circular notch 


Sustained-Load Failures—Sustained-load failure 
have been one of the most perplexing type of 
failures traceable to the action of hydrogen. This 
type of failure has recently been studied at length 
However, the referenced embrittling conditions em- 
ployed were probably mild compared to plating 
conditions and were very mild compared to those 
used here. Results obtained in the present program 
under the more severe embrittling and plating con- 
ditions for smooth and notched specimens are pre- 
ented in Fig. 6, in comparison with comparable 
data from Frohmberg et al 

Although the test section of the smooth specimen 
used in this investigation was reduced, cf. Fig. 1, 
the specimens broke either under the head or at the 


',-in.-radius fillet, where the stress-concentration 
factor is approximately K 1.1. As in the case of 
the smooth-specimen tensile tests, the results for the 
mooth specimens in the stre rupture investiga- 
tions were evaluated on the basis of the stress con- 


centration existing at the locations of failure. Again, 
as in the case of the tensile experiments, the com- 
paratively mild notch under the specimen head 
caused a higher reduction in strength than would 


result from the same stress concentration due to a 
circular notch. The results presented in Fig. 6 show 
that the effects of a stress-concentration factor of 
K 1.7 under the specimen head are comparable 
to those of a stress-concentration factor of K 5 


introduced by a circular notch 

From Fig. 6 it is seen that for all tests sustained 
loads led to reduced breaking strength for the em- 
brittling and plating conditions studied. The data 
obtained in the present investigation differ quantita- 
tively from the data presented by Frohmberg et al 
and for the most part the differences are to be at- 
tributed to differences in the embrittling condition 
An important exception, however, is observed for 
the steels tempered to a strength level of about 
200,000 psi. At this strength level numerical differ- 
ences arise in the compared data that are probably 
best interpreted as due to material difference 


The sustained load specimens were examined 
periodically and, for the notched specimens, were 
found to develop circumferential cracks. After 


failure the fracture sections in specimens broken 
by sustained loads are composed of a central cir- 


cular section surrounded by an outer peripheral and 
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usually symmetrical rim area. The low-head frac- 
tures, therefore, closely resemble low-load fatigue 
fracture 

The extent of crack penetration for the specimens 
for two stress concentrations and three tempering 
temperatures was measured as a function of time 
to fracture, Fig. 7. Of interest is the initial rapid 
average rate of growth of the crack” in the speci- 

* The average rate of crack growth is equal to the secant to the 
curve in Fig. 7 
mens tempered at 500° and 700° F as compared to 
the crack growth in specimens tempered at 800°F 
The average rates of continued crack growth in the 
three sets of specimens after the preliminary stage 
appear to be constant 

The differences in the initial average crack-growth 
rates are possibly due to one or both of two factors, 
namely, 1) structural differences resulting from the 
different tempering treatments for the different steel 
conditions, and 2) reduction in the hydrogen con- 
tent at the base of the sharper notch to be attributed 
to the cell-operating conditions as discussed earlier 

In the present work the development of the two 


fracture zones has been considered as being an 


Results of Commercially Plated Bend Test Specimens of 
Oil), Tempered at 400°F Test Tempera 
ture Room Temperature 


Table Il 
4340 Steel (1600°F 


loading 
Kate, 
Treatment Given In. per 


Type of 
to Specimen Min 


Viating 


11.600 
12.200 


Aged for 48 hr after plating y 0 095 
Cadmium Aged for 212 hr after plating 0.095 
plating Heated to 300°F tor 10 hr 0 250° 
Heated to 300°F for 24 hr © 260° 
Cycled 20 times (KT 0.100 12,100 


Aged for 48 hr after plating : 1100 
Aged for 212 hr after plating : 0.100 
Chromium Aged for 4420 hr after plating . 0.180 
plating Heated to 400°F for 10 hr : 0215 
Heated to 300°F for 24 hi 2 0.195 
Cycled 20 times (R.T., 300°F 0 195 


Aged for 48 hr after plating 0 100 14.000 
Aged for 212 hr after plating q 0.165 14.700 
Aged for 4420 hr after plating 0240 15,500 
Heated to 400°F for 10 hr 2 0 200 14.100 
Heated to 400°F for 24 hr 0 265° 

Cycled 20 times (K.T., 300°F 0.20 0.190 13.700 


* Did not fracture 


analogy to the development of the two fracture 
Thus, through the 
combined action of high stress and hydrogen pres- 
ence, a fracture is initiated. This crack is propagated 
as a function of the rate of hydrogen diffusion to 


zones in typical fatigue failures 


the propagating crack front and as a function of the 
concentration and 


rate of increase of the stre 
tre level due to the change in notch geometry 
through the development of the crack and due to 
reduction in the cro ection through propagation 
of the crack. These factors may ultimately lead to 
failure at nominal stresses very much lower than 
the failure stresses expected 

According to the above theory, the notch strength 
of the frac- 
ture section should remain constant after a stable 
notch condition has been reached, 1.e., after an effec- 


concentration has been 


pecimen referred to the instantaneou 


tive maximum stres 
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achieved. Data which may be examined in this way 
are presented in Fig. 8 

The notch strength data fall into two groups, in 
the first of which the notch strength remains con- 
stant throughout, indicating that the steel in this 
condition is notch insensitive. In the second group 
the notch strength drops with increasing time to 
rupture and stabilizes at a value of about 110,000 


Mi 


Fig. 4—-Dependence of notch strength of embrittled 
steel on tempering temperature for three strain rates 
temperature equals room temperature 


EMPERING [EMPERA 


Fig. 5—Dependence of notch strength of embrittled 4340 
steel on tempering temperature for three strain rates Test 
temperature equals room temperature 
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Fig & Stress rupture curves for hydrogen embrittled 4340 
steel for the indicated test conditions 


Phe circumstances of the test would indicate 
thi reduction um the notch 
due to the imerease in the notch sharp 

to the increase in the stre 


trution ¢ o the crack. Thi 


Instantaneou 


concen 
reduction is probably 
not due to the action of the hydrogen on the struc 
tulated by other investigator as is indi 


teel tempered at 800°F 


ture ii pe 
cuted by the results for the 


Discussion and Conclusions 

teel 

levels above 200,000 psi, corresponding to tempering 
highly su 


when heat treated to strength 


temperature of 700 C and lower! i 


ceptible tol drogen embrittlement For teels ex 
posed to embr ttling 
those encountered in cathodic cleaning and plating 


th smooth and notched 


conditions which corre pond to 
pecimens tested in bend 
may be u ed 
All test 


ing procedures are not equally sensitive and the 


tension, or under sustammed load 


to determine the devree of embrittlement 


become insensitive a the 
experimental conditions are changed. Most notable 
of the factors which influence the test results is the 


train j now venerally recognized 


tive procedure mas 


ittlement is minimized as the train 


d. while it is enhanced as the strain 


110 JOURNAL OF METALS, JANUARY 1957 


Fig. 7—Crack pene 
tration as a function 
of time to rupture 
for hydrogen 
embrittled and cop 
per plated notched 
specimens of 4340 
steel. Test tempera 
ture equals room 
temperature 


rate is decreased. Associated with an increasing 
trend toward hydrogen embrittlement are character- 
ultra-high-strength 
determined 


istic property changes in the 
340 steel studied. These 
here and as observed in other investigations are 
1) in both smooth and notched specimens there | 
a decrease in ductility 2) in notched speci- 
mens there } 


changes a 


a reduction in notch strength; a} 
in both smooth and notched specimens there is sus- 
4) there 
is relative insensitivity to notch dimensions with 
even very mild notche 
brittlement:* 5) as the 


ceptibility to failure under sustained load 
promoting extreme em- 
trength level increase 

doe not signif that under all conditions of 

ent the notch is not an effective agent of the en 

nder the conditions existing in plating an initial! 

equired 
above 200,000 psi, the susceptibility to hydrogen em- 
brittlement increases progressively; 6) the strength 
properties of 4340 steel are sensitive to the strain 
rate to a remarkable degree as is indicated in Fig 
9: 7) in sustained load systems the low fracture 
trengths result from the formation of an external 
ection, 
leading to an exceeding of the fracture strength 
and &) as the tensile strength increases above 200,000 
psi, the limiting notch strength drops from about 
$00,000 psi to a value of about 110,000 psi 


crack and consequent reduction in the cro 


The qualitative features of the data for cathodu 


embrittlement in caustic soda are in essential agree- 


Fig. 8—Notch strength referred to instantaneous fracture 
area as a function of rupture time for hydrogen embrittled 
and copper-plated 0.3-in..diam notched specimens of 4340 
steel. Test temperature equals room temperature 
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ment with the data obtained in acid solutions’ * by 
other investigators. The present data quantitatively 


represent an embrittlement condition intermediate 


between the extreme conditions used in other com- 
parable studi 
mens, howeve 


The data obtained for plated speci- 
indicate qualitative differences from 
These differences 
appear mainly in the recovery characteristics of the 


cathodically embrittled specimen 


embrittled and plated specimens 
iderable 


For example, con- 
recovery of embrittled specimens is re- 
ported for holding at room temperature for 24 hr 
On the other hand, plated 
than a week at room temperature are still fully as 
brittle as freshly embrittled specimens, or are only 
lightly recovered. Furthermore, while certain plated 
tored through baking to a 
practically unembrittled condition, there is a ques- 
tion whether this is possible, in general, after plat- 
ing. It is believed that these different behaviors 
result from the different cell conditions under which 
hydrogen is introduced into the steel and from the 
different diffusion present in the embrittled 
after removal from the electrolytic cell 


pecimens held for more 


conditions can be re 


ystem 
pecimens: 
In the cathodic treatment of the 
being plated on the speci- 
men surface. Thi urface is an efficient catalyze 
of the reaction H > H under this plating 
condition. Little of the hydrogen passed through the 
cell enters the specimen, Thi modified 
at least 
that 1 
is retained on the 
the steel from this location 
hydrogen entrapped in the plate 1 
plating efficiency of the plating bath used 
ide reactions have been neglected here in deter- 
mining cell efficiencies, there is little question that 
large amounts of hydrogen are present in the variou 
Once the plated and cathodically embrittled 
pecimens are electrolytic cells, 
physically different hydrogen gradients are estab- 
lished at the steel surface for the two condition 
These two types of gradients are indicated in Fig. 10 
For the cathodically embrittled specimen the sur- 


pecimen, hydro- 


ven may be considered a 


condition 1 

in part during plating and the hydrogen 
plated on during the true plating operation 
tree to diffuse into 
Some measure of the 
given by the 


While 


urface and 1 


plate 
removed from. the 


Fig. 9—Effect of loading rate on the notch strength of 
cathodically embrittled (C.) 4340 steel. (1) represents 2.00 
in. per min; (2), 020 in. per min; (3), 0.02 in. per min; and 
4), stress rupture 
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Fig. 10-—Expected hydrogen concentration gradients in 
cathodically embrittled and plated specimens after removal 
from the electrolytic cell, Time A time B time C 


face is open and hydrogen is free to diffuse away 


While the 


reduced 


immediately hydrogen content at the 


urface is thu an appreciable fraction of 
the total hydrogen in the specimen i 
lost in a very short time. This 1 


visualized for 


also probably 
contrary to the 
condition which 3 the plated spec) 
men where the hydrogen content at the plate 
men interface will remain at a high level until iti 
dissipated by diffusion either into the 
through the plate, to be oxidized or otherwise re 
moved from the plate 


pec 
pecimen of 


urface. The diffusion process, 
complex and may lead to a sta 
high 
plate-steel interface, in which case a nearly pet 
manent state of hydrogen embrittlement would re 
ult. Under steady 
would then be available for 


however, may be 


tionary state with hydrogen content at the 


load application this hydrogen 
the development of a 
crack and ultimate fracture as has been described 
Many questions have been raised in the examina 
tion of the problem of hydrogen embrittlement. One 
of these, for 


promoting crack formation 


role of hydrogen in 
Another 3 the poss! 
may lead to 


example, is the 


bility that certain plating operation 
permanent damage and embrittlement of the steel 
Furthe 
ent a 
of the steel 
heats of the 
hydrogen embrittlement 


the coating of plated specimens may repre 
ource of hydrogen leading to embrittlement 
Finally, different steels and different 


ame steel may respond differently to 
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Tensile Deformation 


Of Silver as a Function of Temperature, 


Strain Rate, and Grain Size 


True stress, true strain data are reported for high purity (0.9997+) silver of three 
grain sizes over the temperature range 20° to 1173°K (0.016 to 0.9607/T,). Strain rate 
sensitivity was determined by rate-change tests. The properties so determined are quoli- 
tatively similar to those previously reported for copper. 


by R. P. Carreker, Jr 


Hk experiments described in this report were 
conducted as a part of a general program de- 
ined to document the deformation behavior of 


pure metals over a wide range of temperature 


Material 

The silver used in this investigation was obtained 
from the Handy and Harmon Co. as 99.974 pet pure 
It is from the same length of wire as that designated 
H-H silver by Hoffman and Turnbull in their inves- 
tization of self-diffusion in silver.” The silver was 
drawn at room temperature from 0.060-in. diam to 
0.020-in. diam wire without intermediate annealing 
Seven-inch lengths of cold-drawn wire were an- 
nealed in groups of ten by placing them in individual 
quartz tube paced circumferentially about and 
near the vertical furnace axis. Dry nitrogen was 
passed through the furnace to lower the partial 
pressure of oxygen. The three annealing tempera- 
tures used were 700 800 and 900°C, producing 
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the Research Laboratory, General Electric Co, Schenectady 
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Fig. |—Yield 
strength (o at « 
0.005) of silver as a 
function of tempera 
ture for three grain 
sizes 


grain sizes of 0.017, 0.040, and 0.250 mm diam afte! 
30 min at temperature 


Testing Procedure 
The details of the testing procedure have been de- 
scribed in the reporting of results of a similar in- 
vestigation of copper.” Annealed specimens of 5-in 
gage length were gripped between grooved plates 
Tests were performed using an Instron tensile-test- 
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ing machine, which imposes a selected constant rate 
of head motion and automatically records load v: 
time with considerable precision, permitting time 
to be a measure of strain in a wire specimen. Test 
temperature were reproduced, maintained con- 
tant, and were uniform over the specimen length 
within 

All test data were reduced to true stress o and 
true plastic strain «, assuming constant volume dur- 
ing plastic deformation, so that elongation measure- 
ments define instantaneous area This assumption 
precludes analysis beyond the necking strain, but 
for wire specimens the uniform strain is virtually 
total elongation 


Figs. 1 to3 show the vield strength (o ate 0.005) 
tensile strength, and percent elongation as a fun 
tion of temperature for the three grain size The 


yield-strength values for the large grain size seatter 
considerably, probably as a result of the small num- 
ber of grains in the specimen cro ection. Note 
the marked effect of temperature on the tensile 
trength, as compared to the yield strength, a mani- 
festation of the pronounced effect of temperature 
on strain hardening. Figs. 4 to 6 show true-stre 

Vs true-strain curves at several temperatures for 
each of the three grain. size Since continuou 

recording instruments were used, the many arbi- 
trary points used in constructing these curves have 
been omitted. Fig. 7 is a cross-plot of the true-stre 


vs true-strain curve for specimens annealed at 
700 C, illustrating the effect of temperature on the 
flow stress at selected strain Fig. 8 is typical of 
the true-stre Vs true-strain data when plotted on 
logarithmic coordinate Note that these curves do 
not conform to the straight-line relation implied by 
the equation oa Ke However, they approximate 


that relation over a limited range of strain so that 
the slope, m, may be used as a measure of strain 
hardening. Values of the strain-hardening exponent, 
m, were determined at the arbitrary strain of « 

0.10, selected to be consistent with parallel investi 
gations on other materials, and plotted in Fig. 9 
Increased temperature decreases m markedly at thi 
relatively large train At strains of the order of 
0.01, the strain-hardening exponent is not markedly 
influenced by temperature. There is no apparent 
effect of 


size on mm 


Fig 4—True stress, true strain 
curves at several temperatures 
for silver annealed at 700°C 
Grain diameter, 0017 mm 
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The technique of 


reasons for tits 


Briefly, the test 
n, of the relation 
ment in flow stre 
change in strain 
plotted in Fig. 10 
Is zero (or very 


were discussed in reference 
determines a strain rate exponent 


the rate-change test and the 


Ke by noting the displace 


ss produced by a sudden (ten-fold) 


The results of such tests are 


The strain-rate sensitivity of silver 
mall) at 78 K and increase lin 


early with temperature to 473 K wrth no apparent 


effect of grain 


At a critical temperature 473 


673 K trauin-rat ensitivity become 
markedly dependent on temperature and prain size 
These result qualitatively similar to those 
obtained in similar experiments on coppet They 


differ in two respect 


1) the low-temperature rate 


ensitivity 1 apparently zero ata finite temperature 


(approximately 


K) for ilver, whereas the cop 


per data extrapolated to zero rate sensitivity at zero 
temperature, and 2) the low-temperature rate sen 


Fig. 2—Tensile 
strength of silver as 
a function of tem 
perature for three 
grain sizes 


Fig. 3—Percentage 
of elongation of 
silver as a function 
of temperature for 
three grain sizes 
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fiq & True stress, true stra curves at several tempera 
tures for silver annealed at 800°C Grain diameter, 0040 mm 


Fig G True stress, true stram curves at several tempera 
tures for silver annealed at 900°C Grain diameter, 0 250 mm 


Fig 7 Flow stress at selected strains as a function of tem 
perature tor silver annealed at 700°C Grain diameter, 0.017 


mim 


markedly dependent or rain 
ver, but is sensibly dependent on gral 
of coppet 

been noted 
rain size affect 


eld trenuth ivnificantly the effect 
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being larger at low temperatures than 
temperature As Fig. 11 shows, the effect of g 
ize is most important at low strains and decrease 
with increasing train, becomin insignificant at 
0.10. These results are in qualitati igreement 


with those obtained on coppe! Howeve! 1 con- 


pergence diameter d 10 er 
maller than that obsery 


Further, the convergence diameter by the 


magnitude coppel 


ame degree from Woods’ limiting illite size 
and the 
tre o and convergence diamete! 


2 does not hold 


following relation between convergence 


cited in reference 


Eb 


d 


where E Young's elastic modulus, and b Bur 
ver’s vector, taken to be one atomic spacin Thu 
the coimmcidence of Wood limiting erystallite size 
and the convergence diameter observed in the case 
of copper must be dismissed as trivial 
In the case of copper, the ten 

relatively independent of the grain siz © speci 
men. The same trend is evident here, Fi where 
the 0.017-mm and the 0.040-mm result 
but the 0.250-mm specimens were decidedly 
at the lower temperature It is thought that the 
difference is due to the large rain diameter to 


pecimen diameter ratio of the 900 C 


cole ide 


wWeake! 


annealed sil 
ver specimen 

All fracture 
of the ductile 
transgranular, ductile 


whether 
necked-down type characteristic of 
fracture or of the brittle 
ulting from separation of 


were examined us to type 


intergranular fracture re 
metal grains at high temperature Fis 
the effect of grain size on the temperature 
the transition fracture mode 


oceul 


vrained specimens fail intergranularl 


temperatures than coarse-grained specimen 


Summary 
The flow and fracture characterist! f silver 
and the influence of temperature rain rate, and 
vrain size upon these characteristics are qualita 
tively similar to those previously reported for cop 


per. For both of these face centered-cubic metal 


1) The flow curves do not exhibit continuou 


yielding at any temperature in the range 20 K to 


1100 K 


arbitrary, ruin extrap 
zere tem- 


2) The flow stre at any ary 
olates to finite value at the absolut 
perature, the effect of temperature bein all at 
mall strains and larger at large strain ince strain 
hardening increases markedly with decreasing tem 


perature 


3) Grain size markedly influence the yield 
trength at low temperatures, the magnitude of the 
decreasing with increasing temperature 


trength is virtually independent o 


influence 
The tensile 
ize at all temperatures, so long as the 


dot not approach the pecimen 


4) The strain-rate sensitivity 
temperature (0 K for copper 
increases linearly with increa temp: 
an inflection point at a critical tempet 
proximately 500 K for copper, 600° K for 


above the inflection point the train-rate en 


increases more rapidly with increasing temper: 
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Fig. 8—Logarithmic plot of 
true stress, true strain data for wo 
silver annealed at 700°C. Grain t 
size, 0017 mm 
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8 ening exponent m, 
Ie trom Ke”, at 
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Fig. 11 
300°K 


Effect of grain size on the flow stress of silver at 


uniform elongation that occur 
with 


») hie 


necking 


continuously 


increase 
In wire 
total elongation 


temperature pecimens thi 


The 


transgranular to inte 


tion | virtually 


perature transition from 


vranular fracture ts a function of 


vrained failing intergranularly at 


pecimen 


temperatures than coarse-grained specimen 
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Technical Note 


oe a a hardenability agent of commercial 
hu ubject of extensive 


tud in recent yea! It has been iggested in the 
past that boron increases hardenability by combin 
n With nitrogen, thu rendering it inmocuou 


Viore recently it has been proposed that boron in 
cereus hardenability by reducing the free energ 
of sites of ferrite and pearlite nucleation. The seg 
revation of boron to grain boundari the primary 
ite of nucleation, would account for the large hard 
enability effect of minute additions of boron in steel 
This grain boundary theory has found general ia 
ceptance while the concept of boron as a4 nitrogen 
cavenver has been disregarded, However, the inter 
action of boron and nitrogen in steel is considered 
to be umportant to hardenability because boron may 
be made ineffective by combination with nitrogen’ 

The present work was undertaken to examine 
ome of the effects of boron and nitrogen and thei 
interaction in steel 

A base composition of moderate hardenability 
vas chosen. This was a 0.35 pet C steel containing 
250 pet Ni and 0.30 Mo. This composition was used 
because it contained no strong carbide, nitride, o1 


Table | Composition of Steels by Analysis, Wt Pct 


steel ‘ Ni Me o 
in 
wot iu 


boride-forming clements. The other alloys examined 
were modifications of the buse composition and con 


tained nitrogen, boron, or nitrogen plus boron. The 


compositions of the four alloy used are listed in 
lable I 
The alloys were vacuum melted from electrolyti 


iron, electrolytic nickel, ferromolybdenum, and fet 
roboron, When required, nitrogen was added by 
admitting a partial pressure of nitrogen over the 
melt after vacuum melting 

The alloys were cast into 24e-in. diam ingots and 
hot rolled to @-in. sq bat No ingot pattern wa 
discernible on the polished and etched cro ection 
of the hot-rolled bat The alloys were normalized 
at 1650 F, then machined into standard 's-in. diam 
end-quench hardenability test bat 

Four different austenitizing treatments were used 
60 min at 1550 F, 45 min at 1800 F, 30 min at 
2000 FF, and 20 min at 2000 F followed immediately 
by 30 min at 1550 F. The 1550° and 2000°F treat 
ments were carried out in duplicate for cach of the 
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Effect of Nitrogen on Hardenability in Boron Steels 


by John C Shyne and Eric R. Morgan 


In order to prevent surface oxidation the 


teel 
bi were austenitized while buried under charcoal 
nan atmosphere of argon 

\fter quenching the bars in a conventional end- 
quench fixture, the hardne urveys were made in 
the usual fashion on parallel flats ground along op- 
posite sides of each bar. These were ground 0,050 in 


deep rathet 


than the conventional 0.015 in., to avoid 


decarburized or deboronized regions. The austenite 


which resulted from each heat treatment 


observed trie tallographiu ally using Vilella’s 
etch tor martensite 

The criterion used as a measure of hardenability 
vus the distance from the quenched ends of the bar: 
at which a hardne of Re 35 was observed. This 
hardne represented the inflection point on the 
hardne distance plot. Fig. 1 shows the harden- 
ubility of each steel after the several heat treat- 
ments. The duplicate tests demonstrated excellent 


reproducibility; the distance to Re 35 wa repro- 


duced 
All 

characte! 

observablk 


ulting from the various austenitizing treatments 


The 


of the 
eliminated the boron contribution to harden- 
Both steels containing nitrogen, with and 


en 


foul 


within 1/16 in. for duplicate test bar 


alloy had the ame prain-coursening 
tics. Neither boron nor nitrogen had any 
effect on grain size. The grain sizes re- 


ASTM 7 at 1550 F, ASTM 4 at 1800°F, and 
ASTM 2 at 2000 F 
mall amount of boron in the boron steel 


enhanced hardenability when the samples 


austenitized at 1550 F. The low hardenability 
boron plus nitrogen steel showed that nitro- 


ability 


Vvitho 


AT WHICH Re 35 OCCURRED 


DISTANCE FROM QUENCHED END ('),inch) 


it 
the base 


Fig 


composition when quenched from 1550°F 


boron, exhibited lower hardenability than 


© o o o | 
550 1800 2000 2000 + 


1550 
AUSTENITIZING TEMPERATURE (°F) 


Hardenability of steels after heat treatments 
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When the austenitizing temperature was raised to 
1800 F the hardenability of all the stee Is increased 
although the contribution of boron to hardenability 
was less 

After quenching from 2000 F, the base alloy, the 
boron steel, and the nitrogen steel all showed about 
the same high hardenability 

In order to separate the effects of grain size and 
quenching temperature on hardenability, test bars 
were heated to 2000 F to coarsen the grain struc 
ture, then cooled to 1550 F before quenching. In the 
case of both the base steel and the boron steel, a de- 
crease in quenching temperature did not affect hard- 
enability once the coarse grain size had been estab- 
lished 

The behavior of the nitrogen-free boron 
consistent with the theory that boron 1 
because of its adsorption at grain boundaries. Boron 
had almost no effect when the grain size was ASTM 
hardenability of the 
teel when the grain size was ASTM 7 (and the 
grain boundary area greater by a factor of 6) 

In contrast, both the nitrogen steels with a grain 
ize of ASTM 2 showed much lower hardenability 


teel was 
effective 


2, but greatly increased the 


when quenched from 1550°F than when quenched 
from 2000 F. Both steels containing nitrogen re- 
ponded to heat treatment in a manner that suggests 
the existence of a second phase in the austenite. For 
quenching temperatures of 1550°F and 1800°F the 
nitrogen steels showed lower hardenability than the 
base alloy. When quenched from 2000°F the nitro- 
ven steel had the same hardenability as the base 
tecl and the boron steel. This behavior could have 
been caused by particles of a second phase which 
acted as centers for heterogeneous nucleation at 
lower austenitizing temperatures, but which were 
dissolved at 2000 F. The lower hardenability of the 
teel containing boron plus nitrogen, when quenched 
from 2000 F, suggests the presence of stable nucle- 
ating particles even at that high temperature 
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Metallography of Aluminum 


Powder Extrusions 


Electron micrographs were prepared of extrusions consisting of a dispersion of 


aluminum oxide in aluminum. 


particles appear as platelets approximately 100A thick 


In experimental extrusions of this type the oxide 


In the commercial SAP 


(sintered aluminum powder) and APM (aluminum powder metallurgy) extrusions, the 
platelets appear to be partially or completely spheroidized. 
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RMANN'S discovery that extrusions of fine alumi- 
num-flake remarkable high- 
temperature led to the production of a 


powder posse 
trengths ha 
new Class of engineering materials whose properties 
are derived from a fine dispersion of oxide particle 
na metallic matrix 

A fundamental study of such materials and eluci- 


dation of the mechanism whereby the oxide parti- 
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Fig |--Electron micrograph of extruded R3M (atomized 


powder Transverse section, etched X10,000 Reduced ap 
proximately 20 pct for reproduction 


Fig 3 Electron micrograph of extruded MD 2100 powder 
Transverse section, etched X10,000 Reduced approximately 
25 pct for reproduction 


Fig 5—Electron micrograph of extruded MD 3100 powder 
Transverse section, etched X10.000 Reduced approximately 
20 pct tor reproduction 
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art 
Fig 2—Electron micrograph of extruded R40F powder 


Transverse section, etched X10,000 Reduced approximately 
25 pet for reproduction 


Fig 4—Electron micrograph of extruded MD 5100 powder 
Transverse section, etched) X10,000 Reduced approximately 
20 pct for reproduction 


Fig. 6—Electron micrograph of extruded MD 7100 powder 
Transverse section, etched X10,000 Reduced approximately 
20 pct tor reproduction 
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| 
| 


trength to the matrix logically would 
tudy of the dispersion of the oxide 
particles in the extruded metal. Unfortunately, the 
extremely iall siz the makes 
the metallography of these materials most difficult 
Theoretical con indicate that the thick- 
the oxide coating on an aluminum flake will 

order of magnitude of a hundred Angstrom 

that electron microscopy, with it 


begin wl 
oxide particles 
ideration 
mean 


attendant difficultie 


ised in order to resolve the oxide particle 


in technique and interpretation, 
must be 

and Grant have published electron mic- 
of commercial sintered aluminum powders 
| details which they identified as 
hough these 
ly with the known oxide content 


rograph 


howins tructul 


tructural details did 


a 

partic le , alt 
t t 


not correlate exac 
of the material 
a metallographic investiga- 


intered alumi- 


This paper describe 
tion of experimental and commercial 
num-powder extrusions using a high-resolution rep- 
lication technique for electron microscopy 

The expe 
whose mechanical propertie 
Lenel, Backensto, and Rose’ as a function of the 
properties of the from which they were 


rimental extrusions are the same ones 


were investigated by 


powder 


prepared 


Materials 
of commercial SAP were obtained 
Aktien-Gesellschaft 
extruded 


Four 
from the 
(AIAG) 
aluminum 
Aluminum Co. of America 

Experimental extrusions were made from four 
flake powder obtained from the Metal 
a course-flake powder 
Reynold 


ample 
Aluminium Industri 
T hres 


pow de 


prade of commercial 


were also obtained from the 


rrades of fine 
Disintes 
and atomized powder 
Metals Co 
The powder 


rating Co. and from 
obtained from 
were devreased to remove the fatty 
acid lubricant which was used in their production 
and compacted at 25 tons per sq in. in a 1-in.-diam 
die. Thirty-two gram 
compact approximately 1 in. in length 
hot pressed at 1000 F for 15 min at 2 


The hot-pre 


of powder produced a green 
which wa 
» tons per sq in 
ed compacts were then extruded into 
rods at 1000 F. The oxide contents of 


various extrusions in weight percent are given In 


Metallographic Technique 
Specimens transverse to the direction of extrusion 
were mounted in plastic and carefully polished. The 
final polishing operation wa alternated with light 
etching in 0.25 pet solution of hydrofluoric acid in a 


0-50 mixture of water and ethyl! alcohol] to remove 
traces of flowed metal. A final etch for 2 min pre 
pared the specimens for replication 
Replicas of the 


microscopic examination were prepared by a 


electron 
lightly 


modified version of the carbon-film technique intro 


pecimen surface for 


duced by Bradley fly, the technique consists of 

a comparatively thick Formvar replica 
imer irface and backing the replica with 
rephea 


thick iitrocellulose. This plasti 


then mechanically stripped from the 
The Formvar side of the plastic 
hadowed at an ang le of 45 with a thin 


chromiun afte! il thin 


pecimen 


replica } 


amorphou 
film i vaporated over the plastic replica 

are then removed by washing with 
romium shadowed carbon film 
inal specimen surface 
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proved successful in thi 
The carbon film 


The carbon-film replicas 
investigation for two major reason 
was very thin, and, being an electrical conductor, 
was not damaged by the electron beam impinging 
upon it during examination in the electron micro- 
cope. Also, the comparatively great thickness of the 
prevented distortion of the replica by 
Because of this, the cat 
high resolution, Bradley 


plastic film 
the mechanical stripping 
bon-film replicas posse 
claims that 35A units is an attainable degree of 
resolution. The replicas were examined with an RCA 
Type EMT electron microscope having an inherent 


resolving power of LOOA 


Microstructure of Experimental Extrusions 

The experimental extrusions did not reveal any 
ivnificant microstructural details upon examination 
with the light microscope, although lines of extru 
ion flow could be seen in deeply etched longitudinal 
ection 

Fig. 1 how an electron micrograph of 
obtained from an extrusion of R3M atomized pow 
der, Thi 
which are common to those obtained from all of the 


a replica 


micrograph shows several surface feature 


Table |. Oxide Contents of Commercial and Experimental Extrusions 


Oxide 


Seurce Designation (Content, Pet 


Mild 7100 


polish 


These features are 


porosity, and thin platelike 


experimental extrusion 
ing seratches, pits o1 
ridge 

The seratches are unavoidable and, to a degree 
desirable. They cannot be avoided because during 
mechanical polishing some oxide particles invariably 


rip across the sample surface and produce seratche 


Normal etching procedure will remove most of these 
fine serateche but such an etch is too severe for 
electron microscopy, For this reason an extremely 
light etch was used which was Just sufficient to re 
move flowed metal but not deep enough to remove 
all traces of seratching 
The scratches are valuable because they enable a 


distinction to be made between surface feature 


which are in relief and those which are indented 
hadowing 


As a con equence of the unidirectional 


all surface features which are pits or grooves will 


have shadows on the same ide as the seratche 
while those feature 


irnface will have 


which protrude from the speci 


men hadows on the opposite side 


from the scratche 

Besides pits and scratches, a number of thin, plate 
like ridges can be seen in Fig. 1. A similar struc 
ure is evident in Fig. 2, an electron micrograph of 
flake powder. In this case the 
much less curved than those in Fig. 1 
which suggests that the ridge 
inum oxide whose shape } 


tent by the shape of the aluminum powder particle 


extruded coarse 
ridges are 
are platelets of alum 


determined to some ex 
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AIAG SAP-1 
AIAG SAP-3 in” 
SAP-4 M46 
M 255 11 
‘ M 257 725 
py 
enta KUM ‘atomized 140 
Experimental R40F (coarse flake 16 
Experimenta MD 2100 
Experimenta MD 4100 
Experiment MD S100 “2 
Experimental 
— 
in ! 
he 
Table} 
lave! 
carbon 
The pl 
olvent 
replica « 


Table Il 


Average Distance Between Platelets as Derived From Number of Intersections per Unit Length 


Between Oxide Platelets and Intercept Line 


blake Thickness Number of 
lietermined by Intersections per 
( overing Capacity 5 Length of 
i Intercept Line N 


fsrade of Powder 
trom Which 


Was Prepared 


Average Distance 
Hetween Platelets 


Tensile Strength, Psi 


At Room 


At Temperature 


Fig. 3, an electron micrograph of an extruded 


powder having a higher oxide content than 
of Fig. 2 platelets are in evidence. Fig. 4 
that for still thinner flake 
content il w of the 

othe inte closely 


that the 


with 
tend to 
Fig 


powder 
platelet 
paced 
pathering of platelet 
become 
t fliake 
‘The amount of 


rie of 


more prominent in extrusions of 


powder 


platelike material shown in the 


rographs increases with the 


electron mi 


oxide content of the samples, and it is reasonable to 
ime that the platelets are aluminum oxide which 

harder than the 
mm rehef b 


rititative 


have been 
Finding a 


platelet 


matrix 
polishing and etching 
between the 


qua relationship 


hown in the eleetron micrographs and the known 
ide contents of the samples is necessary to ¢ 
tublish that the platelet sire 


and Grant did not find such 


aluminum oxide, 
ince CGarepors 
»correlation in them examination of commercial ex 


For this purpose a lineal analysis was made on 
each of the ex 


intercept 


eral electron micrographs of 
truded pe 
drawnon each micrograph and the number of inter 


Fullman ha 


Twenty random were 
along a4 length measured 
the 

th wall be 


peer 


ition of the 


ection 


number of intersections per unit 
number of plate 


and di 


proportional to the 
olume, provided that the iff 
individual platelets is the 
number of inter 
each type of extrusion is plotted in Fig 
content. This oxide content 

ALO. was caleulated 
weight percent as chemically 


ame in 


the varnou The average 
fo 
apuinst the 
from 


olume pereent of 


ide content in 


Fig 7--Average 
number of intersec 
trons of parti 
cles determined trom 
electron micrographs 
of aluminum flake 
powder extrusions as 
a function of ther 


oxide content 


4 
One 
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alyzed. The excellent straightline relationship con- 


firms that the platelets are particles of aluminum 
oxide 

The occurrence of a portion of the oxide platelet 
can be attributed to varia- 
flake thickne of the powder, with the 
agvlomerate of the thinnest 
will not affect 


long as the 


in closely paced proup 


tion in the 
yroups arising from 
flakes. The pre 
the validity of the lineal 
field enough to provide repre- 
entative The results of 
be expressed as average dis- 
hown in Table II. It 
that these distances 
of two numerically different 
of isolated platelets and 
horte: 


ence of such grouping 
analyse a 
counted are large 
ection the material 
the lineal analysis can 
tances between platelet 


hould be 
are actually 


clearly understood 
averave 
quantits the 
of platelets and the much 
which occur in the groups. Neverthe- 


pacing 
yroup pacings of 
the platelet 
le it is of interest to compare the average dis- 
with the flake thickness of the pow- 
ders from which the extrusions were prepared, as 1} 
Table IL. The 


what 


tance “averave 


micrographically determined 
maller than the flake thick- 
ame order for the 


done in 
distances are 
ness and follow each other in the 
five powders investigated, although they are not 
proportional 
Lenel, Backensto, and Rose, a plot 
was shown of tensile strength at room temperature 
and at 400°C \y the logarithm of flake thickne 
ulted in straight lines except for the value 
trength at temperature for MD 
powder. The tensile values found by these 
included in Table II. A similar plot of 
arithm of micrographically 
between platelets 1 
traight line is about 


In the paper by 


which re 
of tensile room 
4100 
authors are 


tensile strength vs lo 


determined average distance 


hown in Fig The resulting 


Fig. 8—Tensile 
strength of alum: 
num flake powder 
extrusions as a func 
tion of the average 
distance between 
particles plotted 
logarithmically. Drs 
tances were deter 
mined trom electron 
micrographs 


5 


wc ron 
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Fig. 9—Electron micrograph of SAP-1. Transverse section, Fig. 10-—Electron micrograph of SAP.2. Transverse section, 
etched. X10,000 Reduced approximately 20 pct for repro etched. X10,000. Reduced approximately 20 pct for repro 
duction duction 


Fig 11—Electron micrograph of SAP.3. Transverse section, 4 
etched. X10,000 Reduced tel tf 
aduced appronimetely 20 pct for repre Fig. 12-—Electron micrograph of SAP Transverse section, 
etched X10,000 Reduced approximately 20 pet for repro 
duction 


Fig. 13—Electron micrograph of M 255. Transverse section, Fig 14--Electron micrograph of M 257 Transverse section, 
etched X10,000 Reduced approximately 20 pct for repro etched X10,000 Reduced approximately 30 pet for repro 
duction duction 
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much more unl- 


ive than was the case for the SAP mate rial 


fhe structures are generally similar to those found 

(rego and Grant In view of the different 
nethods of surface preparation and replication tech- 
nique. this confirmation can be taken as prool that 
he electron micrographs show the true structure of 


erial. The higher inherent resolution of the 


tion ha revealed the presence of the very mall 

artichk while the large particies are hown to be 

thie ame in appearance a found by 


“ ii 7 A Some differences can be noted between extrusion 
ed produced by AIAG and those produced by Alcoa 


? 4 The ze of the small particles in the Alcoa extru- 

i. 4 w ky quite uniform, and there are comparatively 
few very large partie le The AIAG xtrusion how 

larve variation in particle size, ranging from mall 


re} ivable part to some over a micron il 
@- wty ‘ ov etero 
Fig 15 Electron micrograph of M 276. Transverse section length. The AIAG « rusions also show a hetere 
etched 10000 Reduced approximately 20 pet for repro ene dispersion of | artic it low magnification 
duction ifte deep ¢ tchineg 
16 shows the microstructure of SAP-2 at a 


ot the ‘ , hich logarithm of mavnification of X100. A few large particle are 

Nake thickne | ed rn with the exception of earl esolved. The irregular clear areas are re- 
thie tf er ture tensile treneth of ion which are relatively free of oxide particle 

Ih) similar tructure of clear area could not be de- 

eloped in any of the Alcoa extrusion Presumably 

t is cuused by difference in the manufacturing 


methods of the two fabricator 


Commercial aluminum-powde extrusion fron 
and AIAG contained large particl \ correlation between particle in the electron 
ow x it { t 
notched conditios micrographs and the Known ¢ ide conten of the 
or wal wt) A it tt yter al 
niflenting 00 Cre Crant commercial ¢ rusions was not attempted because 
e published micro hye listribution f oxide ind he 
val ‘ if i} lw 
The particle than the mat presence of large particles made it uninke hat rey 
‘ if ) ‘ i 
sma tend — e and to pull out during mechan es ntative areas could be obtained 
\ rhe differences in the structures observed in ex 
i pote ! 
obtain from tw ! produce 
ectad tram the structure seen rt f o commercial | lucers 
‘ no more than would be expected from differences In 
i manufacturing methods. However, the marked dif 
i ‘ j how comy ria 
ferences in microstructure between the ¢ <perimenta! 
‘ oy tele edoan the | ‘ 2 
re numerou mall particle show ind the commercial extrusions | because 
commerch abr ating met wel followed ) 
‘ ‘ P ‘ ‘ One particle rere il fabri it ethod | Sf 
far as U formatio wermitter 
he seen. The small particle rn cont t to those he published information permite 
rh structure mav be found by careful examination of 
bole } herve fare pourativel ! 
7 of eplicas of AIAG extrusion While none of the 
\leouw extrusion howed tructural feature 
| po ‘ ; eh ha i! t 
vhich eould interpreted a plate occa ional 
! ‘ rie ‘ na 
‘ eas of the AIAG extrusions resembled the exper! 
ole ine eoent Mian the ! 


tal extrusior In F 17 a region of the SAP 


tein The remaining 

trast to the lor ed platelets of oxide shown it 


s} 

Fig 16—Optical micrograph of deeply etched SAP.2 show 
electron mit pl f M25 ing uneven distribution of oxde particles Transverse sec 

tion. X100 Reduced approximately 20 pct for reproduction 
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« 
ho e * A » 
” 9 > 
ine tine maecn ! 
ke cor ll and 12 show unttiorn 
form felet structure le which was found tr : - 
fe ton ed aluminum powde vas the 4 


Electron micrograph of SAP-3 showing oxide in the 
X10,000 Re 


Fig 17 
form of flakes 
duced approximately 20 pct tor reproduction 


Transverse section, etched 


mt hown, which is beheved to correspond 


to an area which would appear to be free from pat 

ticles when viewed at low magnification (as Fig. 16) 

more common appearance of the smallest par- 

in AIAG extrusion 

pheroid These 

ut raight line in @ manner which suggest 

that they were formed by the 
plate (Fig. 10) 

The spheroidization of oxide 


however wa a mall 
pheroids often appeared grouped 
pheroidization of a 
plate let could ex 


lain the ference between the tructure ob- 


ved in commercial and in the experimental e> 
To test whether or not extensive spheroidization 
aluminum oxide is possible, a '4-1in. diam extru- 
rolled in a rod mill and 
0.080 in. with 
us intermediate annealing treatments and a 
anneal, all at 980 F. After thi 
trength of 35,100 psi, which | 
identical with the tensile strength of the as-extruded 
material. This indicates clearly that the dispersion 
effect of the oxide wa not affected by 


ion of MD 2100 powder wi 


waged to a diometer of 


treatment the 


wire had a tensile 


harden ! 
this treatment 
lon 


material was ¢ 


itudinal section of the rolled and swaged 
<amined under the microscope and 
howed numero arge spheroids at low magnifica 
tion (X100). Fi f an electron micrograph of 
this material WwW that the uniformly ized 


platelet 


which appeared in the as-extruded mate 
(hk) ) have coalesced into a mixture of very 
mad) rounded particle These re 

reement with a similar study of oxide 


made by 


f aluminum foil. Ey 


Herenguel and Boghens® on 
idently aluminum 
ufficient solid solubility in alumi 
pheroidize under the proper condition 
a spheroidized structure from a 
ture In an experimental extrusion pro- 
for the difference observed 
relal and the experimental ¢ 
ipal difference between the com- 
rimental production of ext 
ions from aluminum powder 1 i ize of the 
billet investiga- 


$to 6 se Ir 


extrusion billet. The 32 


tie? were completel extruded 
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Fig 18—Electron micrograph of an MD 2100 extrusion after 
coid deformation and annealing Longitudinal section 
etched X10,000 Reduced approximately 20 pet tor repro 
duction 


much larger billet 


would undergo plastic deformation at elevated tem 


commercial production thre 
peratures for much longer periods of time. This hot 
plastic deformation would uffigient to partially 
pheroidize the aluminun <ide skin of the alumi 
num tartin atertal into the coalesced 
oxide structure which 1 
ions. The electron mici how that the ade 
of spheroidization ot VIAG extrusions 4 
le than that of the Aleou iston but vreater 


found in the finished extru 


than that in the experimental extrusion 
the 
difference in ductility at of strength 


vhen t il propertte 


The microstructure 


which were found 
of the experimental extru ‘ compared with 
the commercial extrusion It found that the 
Alcoa extrusions, in which no ti of a flake str 

ture could be found, were more ductile at room tem 
perature than the partiall pheroidized ALAG ¢ 

The AIAG extrusions, in turn, were found 
perimental extrusion 


trusion 


to be more ductile than the ¢ 
which possessed a lamellar distribution of oxide 


Summary 


prepared tor electron 


Carbon-film rephea 
roscopy have been found to posse ufficient resol 
ing power to show microstructural details in alumi 
Platelet 


xperimental extrusions have 


num-powder extrusion observed in elec 


tron micrographs of ¢ 
hown vood correlation with the known oxide con 
tent 


observed inp commercial 


from two different 


Microstructure 
num-powder extrusion oures 


howed differences in detail which can be accounted 


for by differences in manufacturing technique, but 
differed 


mental extrusion These difference can be 


vreatly from the appearance of the expe 


counted for on the basis of spheroidization of alumi 


num oxide plate and an experiment demonstrating 
that ich 


formed 


pheroidization can occur has been per 
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Properties of Aluminum Powders 


And of Extrusions Produced From Them 


The tensile strength and yield strength of aluminum powder extrusions are functions 
of the powder particle size or flake powder thickness. Oxide content, except as it depends 
upon flake thickness, has only a minor effect upon these properties. The degree of dis 
persion of the oxide, therefore, appears to be the controlling factor in the strengthening 


mechanism of these extrusions 


by 


W HEN oluminum-flake powders are compacted 
md hot pressed and the resulting compact 
are extruded or hot forged, a group of material 
obtained. Not only do they 
trength of the 
but they 
ifter prolonged heat treatment at 
» 900 their strength 


temperature 


propertse 


h room-temperature orde! 


the aluminum alloy maintain 
th on 


much le 
ital 


Moreover 

With increasing 
dluminum alloys of comparable room 
discovered 


which 


rature property Irmann who 
t described thi roup afl 
SAL, showed that the 


copper of 


material 
room-temperature 
extrusions are a func 
de content of the 
content of the extrusion 
ontent, the higher are 


renuth 


and there 

The highe 
their tensile 
and the lowe1 


powde 


and hardmne 


ited the relationship between me 
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eof the development work 
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V. Lenel, A. B. Backensto, Jr 


and M. V. Rose 


Switzerland 
tempera 


APMP, 
He found 
tures, tensile 


imilar to those developed in 
that at 600 F, just as at 
trength 
and clongation decreases with oxide 
ful study of his data (Fi $ loc. cit.) 
that the pronounced than at 
room temperature data on the 


of the one 


room 
trength 
content 


A care- 


how 


and yield 


how 


evel cutter 1 more 


Grevory and Grant 


and stre rupture’ properts com 
vrade of the Swi SAP 
APMP indicate that 


rupture generally 


cre 
and the variou 
trength 


mercial 
and 
with in- 


vrade of 
tre to 


asine 


creep 
also increase 
oxide content 
new materials was dis- 
have been 
they 
temperature and particularly 
trength. In most of the 
considered as a dispersion of 
aluminum. Ir- 
appled a theory 
Rohner’ 
According to thi 
limit S. of a dispersion would de- 
between the di 


equation 


ince thi 
attempt 


Ever proup ol 
made to explain the 
obtain their high 
their elevated-tem- 
attempts the 
alumi- 


cove red 


mechanism by which room- 


perature new 
material wa 
matrix of 
Rohner 
developed by 


num oxide parti le in a 
Von Zeerlede: 


trengthening 


mann, and 
on dispersion 
to the flake 
theory the clasts 


uverage di 


powder extrusion 


tance 


to the 


pend Upon the 


according 


pel ed parti le I 


and a thre di 
lattice of the 
workers assumed 


modulus of clasticits 
n the 
and 


where E i thie 
between nearest new 
Irmann 


tance 


matrix material 
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that the distance L should be approximately equal to 
the distance between the oxide skins on the flakes 
inal powder, or in other words the flake 
A value for this thickne for two differ- 
obtained by measuring with 
mallest thickness found 
which were 


of the ori 
thickne 

ent flake powde! Wa 
an ocular micrometer the 
in polished mountings of the powde1 
0.3 and 0.5 » respectively. With these values for the 
particle value for the 


distance between oxide 


elastic limit were calculated using Rohner’s equation 
These values were compared with value of the 0.02 
pet room-temperature proof stre measured on ex 


rusions prepared from the two flake powders a 
hown in Table I 

A more direct method of determining 
wus attempted by Gregory and Grant, who prepared 
electron micrographs of commercial SAP and APMP 


tructure appeared to consist of a 


pacing 


extrusion The 


matrix in which particles of a second phase were 


distributed. Interpreting these particles as oxide 
particles, Gregory and Grant meusured their surface 
pacing In order to apply to their data the theorie: 
of dispersion hardening by Gensamer, by Dorn, 


and by Orowan, Gregory and Grant tried a num- 


related the spacings to 


ber of plots in which they 
rupture in O.1 hr at several elevated 
ultimate tensile strength at 


pacing log 


the stre for 
temperatures and the 
room temperature, These plots were 
of strength, log of spacing vs log of strength, and 
trength vs reciprocal of spacing. The best fit wa 
found for the plot of strength vs reciprocal of spac 
ing. If the tensile strength or the stre to rupture 
in 0.1 hr is assumed to be a rough measure of elastic 
limit or yield strength, this fit would indicate agree 
ment with the dispersion-hardening  theori of 
Orowan and of Rohner, both of which postulate 
proportionality between elastic limit and the recip 


rocal of the mean free path between particles of the 


econd phase 
Irmann and Lyle took the oxide content of the 
and of the extrusions prepared from 


ifyving their material The 


flake powder 
them a basis of cla 
in the matrix of alumi 
trength- 


of the oxide particle 


of most dispersion 


pacing 
num, which is the ba 


Table |. Comparison of Calculated and Experimental Stress Values 
As a Function of Flake Thickness 


Plastic Limit Pet Proof 
Calculated Stress, Tested, 
Ke per sq Mm Ke per Sq Mm 


Measured Blake 
Thickness 


Vowder No 


ening theorw may be considered roughly propor- 


tional to the averave flake thickne of the powder: 


The two quantiti oxide content and average flake 


thickne Will be inversely proportional to each 
other, if all the powders compared with each othe: 
have the same thickne of oxide coating on the sur 

face of the flake As soon as powders are compared 
which differ in the thickne of the oxide skin upon 
the flake particle the oxide content can no longer 
be a measure of the dispersion of the oxide particle 


of extrusions made from the powder 


This fact was clearly pointed out by Herenguel and 
Bogher These authors compared the properties of 
powders which had the same flake thickne but 
differed in the thickne of the oxide skin upon the 

irface of the flake Their data are, however, con- 


everal 


cerned with powder! of flake thickne ‘ of 
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5 5 4 2 6 


Fig. 1—Die assembly for indirect extrusion. Numbers repre 
sent: 1, dummy block; 2, container; 3, billet; 4, die, 5, 
support block; and 6, hollow ram 
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Fig. 2—-Short time tensile strength at 400°C of experimental 
aluminum powder extrusions as a function of oxide content 
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Fig 3—Room temperature tensile strength of experimental 
aluminum powder extrusions as a function of oxide content 


While the extrusion which have outstanding 
elevated-temperature 
having flake thicknesses of the order of a 
few tenths of a p 

It therefore appeared of interest to undertake a 
further study of the contribution which the oxide 
content on the one hand and the 
on the other hand made to the 
made from aluminum powdet For thi 


propertie are made from 


powde1 


paciny of the oxide 

trengthening of 
extrusion 
purpose extrusions were prepared from a series of 


aluminum-flake powders in which both the flake 
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Table Il. Properties of Aluminum Powders Used 


Kange of specific 


(Covering Particle size surtace Oxide 
Area, or Blake sq Om Content 
Manulactarer trade Designation Type (im perG Thickness perG Wt et 


able Il Effect of Different Treatments on the Oxide Content fluke However, it may be assumed that a definite 


of Aluminum Flake Powders relationship between average flake thickne and 
uverape pacing between oxide partie le in the fin- 


hed extrusion is preserved, even if this relationship 


Average i 

lake Oxide 

is not actually equality. The more direct electron 
Powder me Treatment We Pet microscopic method of determining oxide parti le 


pacings was also apphed to the extrusions prepar d 


' a in this investigation and will be re ported in a com 
panion papel bs Le nel An ell, and Ne Ison 

M For purposes of comparison, properties wer also 

s0to4 determined on a seri of commercial aluminum 

2 hi ‘7 powder extrusion which were obtained from Alu 

minium Industrie Aktien Gesellschaft) and trom 

te Aluminum Co. of America. Only oxide content 


Wore available no data have been p ibli hed on the 


57 fluke thickne or particle size of the aluminum 
6.2 powders from which these commercial extrusion 
76 were prepared 
wane Powders 
i4 The powder ised in the extrusion experiment 
1 20 were commercial-grade powders, either atomized o1 
flake powder. The flake powders were produced by 
ed 10S ballmilling from atomized powder using the Hall 
— + proc During the milling the surface of the flake 
Ms, wail covered by a thin film of lubricant, usually steari 
‘ or oleic acid. The standard method” of determining 
— ——__— the covering area of the flake powder which 1 
used in the pigment industry, could therefore be 
thicko mid the thickmne of the oxide skin were apphed. The covering area | the area which | zg of 
tematioall anied. Grades of aluminum-flake powder spread in a one-flake-thick layer on water 
in flake thickmne from 234 yp to would cover. From this area the average thickne 
O19 p were investigated sceveral of these grade of the flakes can be calculated. The pigment-type 
« treated seo to increase them oxide content powders are somewhat difficult to compact because 
kur the assumption that such a treatment would of their low apparent density, in the range of 0.1 to 
not substantially change the flake thickne of the 02 2 per cu cm 
powad Phese treated powders made it possible to Table I shows the properties of the powde In 
mipare not only powders having the sare thickne addition to the covering area and the average flake 
md vu ! n oxide content, but also powders with thickmne calculated from it, the specific surface of 
thie ine oxide content and different flake thickne ome of the powder was determined using the 
\ second method of varying the oxide content tandard BET (Brunauer-Emmet-Teller) method 
while hold the oxide spacing constant, consist In this method the amount of nitrogen adsorbed on 
the addition of aluminum oxide to aluminum the surface of the powder in a monomolecular laye! 
powder of knows e distribution. For these expe is determined by measuring at liquid nitrogen tem 
ments Linde B, a polishin rade of aluminum perature the amount of nitrogen adsorbed as ua func 
de. was added to granular, atomized powder tion of its pressure. If the flakes of powder were 
hollow the examples of Inmmann, Von Zeerledes perfectly flat and smooth, one would expect that the 
sricl  Phaobunve and of Herenguel and Boghen the pecific surface hould be little more than twice the 
erage flake thiekmne of flake powders or the av covering capacity of the powder, The fact that the 
erage purticl e of atomized powders was taken pecific surface 1 actually seven to ten times the 
» measure of the spacing of the oxide particles in covering capacity indicat that the powder flake 
the extri " The tlake thickne measure the are not smooth but that they must be quite irre ular 
distance between oxide skins on the irface of the on a submicroscopic scale. For the atomized pow 
flake particle \fter compacting, hot pre ne, and ders which are quite regular and almost spherical in 
extru n the average distance of the oxide particle hape a range of parti le sizes 1 hown in the table 
nthe extrusion ma no longer correspe nd exactly to For the coarsest powdel! MD 13, th partic VA 
xide skins in the range was obtained by eving the powders and u 
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47 to 208 diat 

‘ Flake é 

) ‘ Flake 08 

) Fiake 04 64 000 
Flake 20 018 

‘ 1D ‘ Flake 21 O17 


100 mesh fraction. For the two 


grades of fine atomized powder, the particle-size 
ranges were determined by particle-size analysi 


with the toller Air analyzer and the 
The range hown in Table II include the great ma 
jority of parti le in these powde! The oxide con 


micro Cope 


tent of the powders was determined using a tech 
nique developed by the Aluminum Co. of America, 
in Which the metallic aluminum is reacted with dry 
hydrogen chloride, the resulting AICI, distilled off 


and the remaining oxide ignited and weighed 


Treatment of Powder 


Before the flake powder could be 
most of the lubricant added to the powder during 
flaking had to be removed. The powders were d 
vreased by heating them in a vacuum of 0.05 mm 
Hy at 700° to 750°F for 
2 hr. The oxide content of the finest flake powde: 
lightly during thi 
it is done in a vacuum. Apparently the powder re 
acts with some of the oxygen in the fatty acid. In 


compacted 


a period of approximately 


increase treatment even though 


order to study the effect of varying oxide content 
while the flake thickne 
developed to in 
In the 


of powder remained un 
changed 
crease the oxide content of the flake powde: 
first one the powders were treated at 650° to 750° f 
(350° to 400 C) in a tightly closed container so that 
limited to the 
amount present when the container was closed. The 
econd treatment consisted of heating the powder 


three treatments were 


the amount of air available wa 


in the same temperature range in an unlimited sup 
ply of air and controlling the oxide content by the 
time of heating For large increases in oxide content 
the powders were heated in an atmosphere of steam 
at 750 F (400 C) for 30 min in a pressure-tight 
tube. The increase in oxide during this treatment 
was controlled by controlling the steam pressure in 
the tubs In Table III the oxide contents of the 
powders as received, and after various treatment 

are compared with each other. Wide variations in 
oxide content could be produced, from 3.0 to 10.5 pet 
of oxide for the powder with an average flake thick 

re of O08 » and trom 5.7 to 13.5 pet for the two 


powder! with average flake thickne of 04 


Production of Extrusions 


The production of extruded rods from aluminum 


powders comprised the following stey 1) compact 
ing; 2) hot pressing; and 3) extrusion. The pro 
cedure used wa imilar to that deseribed by I 
mann Green compacts | in. in diameter and 1 in 


in length were pressed at 50,000 psi in a hardened 
tee! die, lubricated on its walls by swabbing with 


Beg 

‘ 
~ 

on m= 

% One 
Fig. 4—Room temperature yield strength (02 pct offset) of 


experimental aluminum powder extrusion as a function of 
oxide content 
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4 


6 

Fig. 5—Tensile a \ 

strength of exper 
mental aluminum 
tlake powder extru * 
sions as a function a 
of the powder flake 3 
thickness plotted 
logarithmically 

z 

@ 

a2 as 20 $0. 00 


FLARE THICKNESS OF POWDERS 


Fig. 6 —Tensile 

strength at 400°C 
and room tempera 
ture yield strength 


PS 


\ 


of expermmental alu 

z A 
trusions as a func 3 


tion of the reciprocal 
of powder flake o / 
thickness / / 


) é 4 6 
RECIPROCAL OF FLAKE THICKNESS, MICRONS | 


u solution of teure acid benzene ‘The greet 
densities of the compacts varied from 2.0 percucm 
for the finest flake powder, to 2.6, for the coarsest 
atomized powder. The compacts from the finest flake 
powders were ftragile and tended to crack circum 
ferentially These crack however, did not inter 
fere with the hot pre and extrusion of the 


compacts and did not influence the final propertse 
of the extrusion 

Phe reen compact vere hot pressed for 15 min 
it a pressure of 50,000 psi and a temperature of 
1000 F (540 CC). The die a 
and extrusion are contained within a furnace having 


emblies for hot pressing 
vire wound steel core with a l4e-in. inside diam 
eter. The furnace uspended between the platen 
fa 100-ton hydraulse pore It 
trolled with a pyromete: 


temperature is con 


ed compact ie extruded 
hown in Fig. 1, at 1000°h 
the reduction 


The ] ri diam hot pore 
by indirect extrusions, a 


(540 C) into rods ‘4 in. in diametes 


therefore 16:1] A hear-t pe ¢ xtrusion 
lie is used. Before being extruded the compacts are 
oauked for 30 min at the extrusion temperature. The 
extrusion speed was the highest of which the pre 

was capable, which is of the order of 75 to 100 in 
per mir nce it is found that the extrusions had 


inder these condition The 
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al 


The 


Cu cm 


content of the 


in. compacts varied 
powders to 10 


t flake 


zed powder. The extru 


il bony Check analy 
Ktrusion 


powder! rom which 


density of the extrusion 


evurdl if the oxide 
modifica 


»to 4 


ty 


the variou 


Ustlon 


larmount ol poro ity 


Testing 


“ty 


emiperatu 


and elon 


the ote 


ation 


thre 


poet 


ided rod 


Which the 
tant rate of 
ip. The 
ul loading of the 
made at 


the 


vated 


iprounded 


machined 
ith threaded 
and 


diameter 

in a simple 

load wa appled 
loading of 67 
beam was coun 
peci 
100 © (750 F) 
ultimate tensile 
measured at both tem 
temperature test the 
wound 


vertical wire 


al thermocouple at the 


The specimens were 


temperature for at least 1 hi 


ted kor 


02 pet off 


yield 


of the room-tempera 


trength wa ob 


Table Ductility of Aluminum Powder Extrusion 


Hange of 
Vartiole 
or Average 
blake Thick 


Vowder 


titmed in addition to the 


thy train as a 


Hu enberver extensometer 
properti afl the extru 


tele thie 
the dep ol 
triuctiure Wa 

wert 

Werte placed 


their ditlraction prutte 


perpendicular to the imping 


ted of 
nens which 
tution. b 


the 


Vet blengation in 


Koom 


Temperature At lowe 


Aver Aver 
Nange age Hange ane 


funetion 


mechanieul 
preferred orrentation in 
determined For thi 
etched 
imately 
transmission X-ray 
rh photo; 


howed me 


comsisted of hort are 


tle strength by measur 


of the tre using a 


then 
purpose, 
wires having 
The wire 
camera and 
raphed on a flat film 
X-ray The result- 


ring of uniform den 


down to 


in 


preferred orien- 


with pron munced pre ferred 
The are 
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are concentrated around positions which are repre- 
direction. This indi- 
the crystal Is 
The length of 
full length 


of pre- 


entative of a crystallographic 
that a principal 
parallel to the axis of the 


a percentage of the 


cute direction of 
pecimen 
expressed a 
used to indicate the degree 
emiquantitative since 


the are 
of the ring wa 
ferment. Thi 
the pattern 
density 


method is only 


differ in line ome 


thickne and in 


Results and Discussion 
The results for tensile strength at 400°C 
tensile yield strength at room temperature of 
the extrusions prepared from the various aluminum 
hown in Figs. 2, 3, and 4. In general, 


and for 


and 


powders are 


Table V Approximate Degree of Preterred Orientation in 
Aluminum Powder Extrusions 


Degree of 
Vreferred 
Orientation 


Tensile shown shown 
Strength by by 
at toe? ‘tity 


Average 
blake Pet 
Thickness, Oxide 


(srade of 
Pxtrasion 


9.400 
14.200 


17.600 


14.100 
ly 
19.800 j “l 


Negh 
wible 


21.400 


Negli 
“ible 


each point in the figure ents the average of 
three tensile specimens machined 
from the The results of these tests 
agree within 2 pet. In a few cases, the re- 
on extrusions made from different lots 
about the 
indicated on the 


repre 
tests on two ol 
ame extrusion 
usually 
ults of test 
having 
Also 
vrade of powder, with the range of 
the particles, in the case of the atomized powders, 
thickne of the flake 


of powder ame oxide content are 
figure are the 


diameters of 


averaped 


and the average in the case 
of flake powder 

The points for tensile 
arrange themselves on a series of level 
ing to the flake thickne of the powder 
ders with 0.17 to 0.18-p flake thickne have a ten- 
ile strength of 23,000 to 24,000 psi, those with O0.4-p 
flake thickne tensile strengths between 19,000 and 
21,000 psi, and most of the extrusions from MD 2100 
with 0.8-p flake thickne tensile strength 
Only the MD 2100 powder 
how 
increasing oxide 


trength at 400 C in Fig. 2 
corre pond- 
The pow- 


powder 
of 13.000 to 14,000 psi 
made from steam-treated powder! 
trength with 
data the 

trength at 
thickne of the 
prepared. A 


extrusion 
a slight increase in 
content From these 
drawn that the tensile 
function of the 


conclusion must be 
100°C (750°F) is 
flakes 
long 
pacing of 


primarily a 
extrusions were 

and therefore the 
in the kept constant, 
the total amount of oxide pre not affect the 
trength. It is therefore not to find that 
extrusions with the same oxide content, but pro- 
duced from powders varying in flake thickness, vary 
in tensile strength at 400°C. The conclusion 
that oxide content in itself doe not determine 
trength is confirmed by the results on the atomized 
MD 105 powder: with the addition of 


from which the 
as the flake thickne 
the oxide particle extrusion, 1 
ent doe 


urprising 


widely 


without and 
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force necessary to extrude the 1 
from 40 tons for the thinne 
ms were approximately 1: 
‘ howed thit the 
vas the same os that of the 
2.41 to 2.02 
content of the material Since 
er cue vould indicate that the —_,:~ 
high inode content have 
the we 
rile Z-i low tensile pecimer 
Phe specimen 
bean tre ! frame in 
Ih per min (5500 pei per 
ferwe tao prevent j 
trent) 
Aloe M255 \t ized 
Vie iM 257 72 “uy 
was | KPT trot 
furnace controlled M 276 os 
HPL 
held at the totin!t MID 3100 powder v4 104 
‘ RPI f 
efore bewny te; 5100 powder 6.5 
Mible 
il) 7100 powde o17 2.800 Negl | 
gible 
i t ‘ 3 
I 
2 27 1 “4 
ot to ,te 19 12 
it 7 ‘ ite 10 
i tte 7 ) Z2tot 
to 4 ltod 2 


Linde B aluminum-oxide powder. The extrusion 
made from powders with and without the addition 
differ only slightly in strength. As would be expect- 
ed, a flake powder (R40F) with an average flake 
thickness of 2.3 w give 
trength as an atomized powder (R3M) whose par- 
ticles have diameters in the same size range of 1 


extrusions of about the same 


to 7 

The relationship between strength and flake thick- 
re is not as clear-cut for the extrusions tested at 
room temperature as for those tested at 400°C. The 
discrepancies are introduced mainly through the 
data for the MD 3100 powder The flake powde: 
MD 7100, MD 5100, and MD 2100, which are used a 
paint pigments, contain stearic acid as the lubricant 
MD 3100 powder, on the other hand, was milled with 
oleic acid because the powder is intended for use in 
printing inks where it is desirable to use a more 
volatile lubricant. The quantity of lubricant used i 
also smaller than for MD 5100 powder having the 
ame average flake thickne The difference in the 
appeal to affect not only the 


milling procedure 


amount of oxide which is picked up during milling, 
but also other properties of the powder as is evi 
denced by its higher specific surface which would 
indicate a rougher surface of the flake particle 
difference in the character of MD 3100 powder 
responsible for the fact that both yield and 
trength of extrusions made from it are at 
the level of those of MD 7100 powder, which has a 
thickne rather than at the 
level of those of MD 5100 powder, which has the 
ame flake thickne as MD 3100 powder. Neverthe 
le the distribution of the oxide particles must be 


lower average flake 


considered the most important factor in determining 
the room temperature yield and tensile strength of 


the extrusion 


The value for elongation in % in. which were 
obtained on the tensile specimens show much mort 
catter than the trength data. In general, it wa 
found that increasing the oxide content of a flake 
powder did not materially affect the elongation of 
prepared from it. The exceptions to thi 
rule were the steam-treated MD 2100 powder and 
the atomized powder to which Linde B aluminum 
oxide had been added Instead of presenting the 
graphically, ranges and aver 


extrusion 


vulue of clongation 
of elongation for the extrusions from each 
Table IV 


room temperature and at 


age value 

of the aluminum powders are shown tin 

The ductility both at 

100 © decreases rapidly with decreasing flake thick 
powder 


pointed out that the average flake thickne 
ke powder particles may be considered a 
meusul the average distance between oxide pat 
trusion The relation hip which 
trengthen 


tick i 


have been deve lope d to account for the 


ig effect of a second phase dispersed in a matrix 
an therefore be tested by plots of powder flake 


thickmne \ trength of the extrusion 


a plot of tensile trength vs the logarithm 
from vacuum 
Ke powde traight line 


drawn through th ! r tensile strength 


thickne for the Ktrusion 


reasonably 


The point 

room-temperatu! ile strength vs logarithm 
thickne also fall on % raight line, when 

A straight-line 

arithm of the mean fer 


was found 


TRA sSACTIONS AIME 


Fig. 7—Comparison between the tensile strength of exper 
mental and commercial aluminum powder extrusions as a 
function of oxide content 


TEMPERATURE 


Fig. 8—Tensile 
strength of exper 
mental and commer 
cial aluminum flake 
powder extrusions as 
a function of their 
elongation 


TENSILE STRENGTH, 1000 PS: 


by Gensamer, Pearsall, Pollini, and Low’ for cutee 
toid and hypereutectoid steels including pearlitne 
tee] It is interesting to note that the electron mi 
crographic study of these extrusion revealed a 
lamellar omewhat sim 
ilar to that of pearlite 

The theories of Rohner’ and of Orowan 
that the elastic limit of a material consisting of u 
hould be in 


tructure of oxide plate let 
po tulate 
dispersion of particles in a matrix 
versely proportional to the mean free path between 
partich To test this relationship, the yield strength 
trength at 
reciprocal of the 

Included in the 
from 


at room temperature and the tensile 
100 C were plotted against the 

flake thickne as shown tn Fig. 6 
plot are trength value for the extrusion 
MD 13 atomized powder for which an equivalent 
reciprocal flake thickne of 0.006 reciprocal p wa 
assigned. The data do not appear to 
postulated by Rohner and by Orowan 
hould be emphasized that yield strength 
trength at 400 ¢ 
rather than elastic limits were plotted, and that pro 
thickmne and 
umed 


upport thie 


relation hip 

although it 

at room temperature and tensile 

portionality between flake pacing 

between oxide particles was a 
The tensile properti 

in the laboratory were compared with those of ex 


prepared 
which were obtained from the comme 


truded rod 
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producers of these material the Aluminium clearly shown for tensile strength at 400 C. Pow- 
Industrie Aktien Gesellschaft and the Aluminum der properties other than flake thickne may have 
Co of America. The same type of tensile specimen a slight influence upon room temperature ten ile and 
Ne whined fre he commercial! prepared vield strength. Oxide content, except as It depends 
lor te lf trengtl it room tem upon flake thickne ha only a very mino! effect 
ine nd at 400 ( re plotted against oxide ipon the mechanical propertie of the extrusions 
fentin | 7. For comparison purpose me of 4) The particle ize and flake thickness of 
‘ lia f extru ns prepared in the laboratory aluminum powder are r¢ lated to the distribution of 
i Hliowever, from each series of speci the oxide in the extrusior In order to test the ap- 
‘ ef powder on those are included plicability of disper ion-hardening theories, the 
hich a en strength level was obtained with treneth of the extrusions was plotted against flake 
Ihe lowest de content The data how that a thickne A straight-line relationship wa found for 
or eve f tensile treneth could be obtained plots of ten ile treneth at room temperature and 
cul lower oxide content the 400 C vs logarithm of flake thickne 
! epared in the laborato than in com 4) Commer ial extrusion of flake aluminum 
ere fuced extrusion The only exception powder have a higher oxide content and a higher 
‘ ide M 255 which, however, is not pro ductility for a given strength level than extrusion 
cod f flake but from atomized aluminum prepared in the laboratory from as-received flake 
te On the other hand, the ductility at a powde1 
‘ th leve venerally higher for com 5) The preferred cry tal orientation in alumi- 
rere produced extrusior than for those pre num-powder extrusion 1} the ame as the (111) 
pared in the boratory. This is demonstrated in fiber structure found in drawn aluminum The de- 
} # in which the values for elongation for flake vree of orientation decreases with decreasing flake 
| extrusiot prepared in the laboratory and thickne and appears to be a function of oxide dis- 
| duced commerciall we plotted against tribution 
ter © strength at room temperature and at 400 + Acknowledgments 
bheoth f these difference the higher oxide content This work wa performed under the sponsor hip 
ind the higher ductility for a given strength level of the Wright Air Development Center Contract 
found in commercial extrusions, are possibly con No. AF 33(616)-351, whose support | appreciated 
nected with the difference in microstructure in the and acknowledged. The authors are indebted to the 
two types of extrusion e., platelets of oxide al Aluminum Co. of America and the Aluminium In- 
it iin lamellae for the laboratory extrusion dustrie Aktien-Gesellschaft for ampl of com- 
ind more or i pherical particle of oxide ran mercial extrusions, and to the Metals Disintegrating 
lomly distributed for the commercial extrusion Co. and the Reynolds Metals Co. for powders used 
The X-ray diffraction pattern of the extrusion in preparing the experimental extrusion This pape! 
ndicated that the type of preferred orentation | is based on a portion of a thes by A. B. Backensto, 
the me in the extrusions as it is in drawn alumi Ji ubmitted in partial fulfillment of the require 
num wire. In other words the extrusions exhibit a ments for the degree of Doctor of Philosophy to 
tructure in whieh the (LIL) direction in the Rensselaer Polytechnic Institute 
vrai of the extrusion is oriented more or Iie 
parallel to the extrusion direction. The degree of References 
preferred orientation in the extrusion depend KR Irma tered Aluminur th High Strength at Elevated 
tro upon the distrit ition of the oxide. The ex = te od CH Heat Re I 
trusions from coarse powders give diffraction pat — 
terns in whieh the vir are shrunk into are vhich \ 1951 7, p. 29 
tuke up only a small fraction of the circumference Powder 
of the diffraction ring (11 pet for Aleoa M 255 ex 69 
trusions from atomized powder). The diffraction 4 H 
pattern from extrusions made of the finest powder 947. J or Metaus, Fe 954 
ndicated onl by mall variations in intensity ‘ Ange Wisse 
che ee of preferred ortentation as mea ured on er: A Ther ft H \ Coy 
the C111) and the (200) rin of the patterns for 947 om 


fluke 
were pro- 


and 


e tensile and yield strength of 
trusiot lepends on the pa ticle ze and the flake 
relationship 1 
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oft th rom \ RnR. B. Shaw, L. A. Shepard, ¢ tas und J. D The 
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Uranium-Bismuth System 


A phase diagram for the U-Bi system was drawn from data presented and from data of pre 


vious investigators. There are three intermetallic compounds: UBi., 


which decomposes peritecti 


cally at 1010°C; U.Bi,, which decomposes peritectically at approximately 1150°C; and UBi, which 
decomposes to two liquid phases at a temperature between 1400° and 1450°C. The terminal com 
ponents react eutectically with the nearest compound. Little solid solubility for either component 
in the other was indicated. The solubility of uranium in liquid bismuth has been determined up to 
900°C. Crystallographic data for the compounds are reported. 


apes j five years ago an investigation was inl 
tiated to study and develop basic information on 
liquid metal fuels for future power nuclear reactor 
The objective was to find fluid forms of uranium 
(solutions or dispersions) in low melting alloy A 
ummary of the different fuels was presented in a 
recent article by Teitel, Gurinsky, and Bryner. The 
combination of uranium and bismuth, sith its low 
thermal neutron cro ection and low melting point 
of basic interest to the development of these fuel: 
Most of the previous effort on the U-Bi phase dia 
gram Was done under security regulation. Ahmann 
and Baldwin’ reported their findings on the U-Bi 
tem in 1945. Their results indicated that the 
phase diagram had at least two compounds and 
possibly one more. UBi, and UBi were established 
by chemical analyses of residues after high tem 
perature centrifugation of alloy UBi, decomposed 
peritectically at 980 C and there were signs of an 
other reaction above that. UBi melted at a very 
high temperature, and there were also signs of a 
monotectic at high temperatures in high uranium 
allo 
The solubility of uranium in liquid bismuth ha 
three author 


Gordon and 


of 
Ahmann and 


received attention by 
Bare Haye and 
Baldwin. The latest and most widely aece pted data 
is that of Bareis, and it is included in Fig. 1 along 
with new data at higher temperature 

jrewer et al. and Ferro have used X-ray dif 
fraction to determine the number and crystal struc 
ture of the compound Brewer identified the struc 
ture of UBi to be a simple NaCl cubic structure hav 
ng u cell edge of 6.364A. The density of the com 
pound was calculated to be 11.52 g per cu cm, Two 
other unindexed patterns were presented as po 
Ferro 


tructure of UB) 


bly belong to two other compound 


with I 


on the erystal 


R J TEITEL, Associate Member AIME, formerly Metallurgist, 
Brookhaven Nationa! Laboratory, is now with the Dow Chemical Co, 
Midland, Mich 

TP 4366E Manuscript, Oct. 13, 1955 Cleveland Meeting, Octo 
ber 1956 
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by R. J. Teitel 


TEMPERATURE 
60K 400 


2 4 
Fig. |——-Solubility of uranium in liquid bismuth Circle repre 
sents data of Bareis, cross, present data 


and identified the structure of UBi, and U,Bi, The 
intermetallic compound UBi. has a tetragonal cell 
4.445A and « The density of 

determined and the number of 
atom calculated The 


X-ray density reported was 12.35 g per cu em. The 


with a 
the compound Wu 
per cell (six atoms) 
treated in a similar way and 
tructure 945A on 


compound U,Bi, wa 


it was reported to have a cubs 


an edge and to contain 28 atoms per cell. The 
density was given as 12.59 g per cu cm 

Teitel reported that there wa 
and no UBL, compound. (The difference in the com 
positions is 3.3 pet U.) Thi based 


upon the extrapolation of some 20 tie lines in the 


a compound U,Bi 


conclusion wa 
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>, 

» | 

a 
f 


fig 2--U Bi system) Numbers represent |, data of Ahmann 
and Baldwin, 2, data of Bare, 3, dota of Ferro,” and 4, 
present study Curcled numbers reter to data used in diagram 


ed on the U-Bi edge 
composition of U Bi The 


olidus was not determined 


nit the rumental data 

in the course j present work 
conducted prior to and independently of 
of Ferro, A phase diagram, Fi 2 


data trom all of the above 


incor 
ources has been 
Materials vere machined from 
ol it metal and cleaned ng a 

re bismuth (99.99 pet) was used 

eondition for alloy containing 
Dilute alloy 


bismuth whieh had previously 


of uranium 
low temperature thi th a Pyre 


ed to contain the allo durins 
‘ eparation, filtration and thermal analysi 
Alloy Preparation In gveneral, the alloys of ura 
prepared. Most of the 


melted at temper 


md bismuth were easil 
pletel 
Therefore it Vi desirable 


Table |) Phase Identification by Neutron Dittraction 


au form that th reactive and 

hn ‘ nain im contact with 
and bar stock were 
\bove thi 


uranium powder 


Uranium 
ip to JO pet compos! 
found nec ar ‘ 
via the hydride om the chips as de 

tates 


Sample of the alloy were 


Chemical Analysis 
fissolved in mitrie acid. Bismuth wa 
chloride and weighed a uch. Ura 


precipitated 
ned mn filtrate eithet polaro 
olumetricall us the concentration 
dictated 
Microstructure of Alloys 


pared for met raphic ¢ 


specimen were 


sumination by the 
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paper and polishing wheel technique, except that 
carbon tetrachloride was used as a lubricant on the 
papers, as vehicle for the Alundum on the polishing 
wheels, and as a preservative between polishing 
operation After preparation, the carbon tetra- 
chloride evaporated and air oxidation was used to 
etch the compound 

Figs. 3 to 7 are typical microstructures of 10, 25, 
47, 47, and 75 pet U alloys respectively. In dilute 
iranium alloys, the UBi, compound precipitates in 
the form of platelets, Fig. 3. The 25 pet alloy shown 
in Fig. 4 was prepared at 1100 C where two phase 
(U.Bi, and Bi-U solution) coexisted. Upon cooling, 
both platelets, Fig. 4, and equiaxed particles were 
found. The equiaxed particles probably formed 
when the U,Bi, transformed to UBi,. A 37 pet alloy, 
Fig. 5, is almost completely UBi 

The powder technique for preparing alloys was 
ised to make a 49 pet alloy and the ingot was po- 
the two phases, U,Bi, and UB, are 
UBi with uranium in a 


rou However! 
een in Fig. 6. Fig. 7 show 
alloy 

The veneral conclusion 
of these alloys were that UBi 
than the other two compounds and that UBi is more 


pet U 
from the metallography 
eemed to be hardet 


Table Crystal Structure of UB:.* 


Intensity? Calculated 


220 
$00, 221 


24 atoms per 


M, medium weak, and V, very 


yrophoric than UBi., which is more pyrophoric 


than U,Bi 
Neutron Diffraction Experiments Neutron dif- 
fraction proved to be ideal for the studies of the 
tructure of pyrophoric compounds for the follow- 
Neutrons readily penetrated the oxide of the 
element 
Specimens were not pulverized, thus reduc- 
ing the quantity of oxide in the sample 
}) The number of phases present and the chem 
ical composition of the alloy were checked by 
microstructural and chemical analysis respectively 
4) The independent of 


the Lorentz polarization effect encountered in X-ray 


intensity observed wa 


diffraction 

On the other hand, the technique had the follow- 
limitation 

1) The resolution for the spectrometer used wa 
20 min of angle compared to 5 min for X-rays 

2) The resolution became poorer as the angle # 
ed 

3) Cell dimensions and densitie 
wcurately determined 

Five hundred g ingot 


ve 
laye! oft 


ould not be 


of alloy were prepared by 
uranium chips and 
The cru- 


loading alternate 
crushed bismuth into a graphite crucible 


TRANSACTIONS AIME 


‘ 
/ ; 
| 
U-Pb-b ter which 
thu it the 
This | 
hich v 
thie 
a 
d, Ob 
| 20.65 $13 
25.35 256 222 2.56 
26 247 $20 2 46 
° Il 29 40 222 400 222 
vere prepared 6.15 18) 422 1.81 
re filtered at 1 6 95 1.77 430, 500 177 
M 19 80 1 65 120, 433 1.65 
frit W 60 1 62 p21 1.62 
M 42.10 1 56 440 1.57 
42.75 154 441 1.54 
VW 45 85 150 1 150 
Lette represent Sct 
1 125A 
( omposition 
Werett Vhases Identified 
i it 
un 
un 
j un 27 
Little It ‘ 
i ti 
ui 
ie uranium in 
packed hit 


Fig. 3—Micrograph of 10 pct U as prepared by complete 
solution. Air etched, dark platelets of UBi. in essentially 
pure bismuth. X75. Reduced approximately 20 pct for re 
production 


Fig. 5—Micrograph of 37 pct U as prepared by complete 
solution. Air etched, dark phase UBi. and light patches of 
bismuth X150 Reduced approximately 20 pct tor repro 
duction 


cible and its contents were placed in a resistance 
furnace as described by Teitel and the furnace wa 
evacuated to 10> mm He. After outgassing the fur- 
nace and its contents at 100 C, hydrogen gas wa 
admitied and the temperature raised to 250°C. At 
this temperature uranium and hydrogen react 
rapidly to produce uranium hydride, which crum- 
bles into a powder. By reducing the pressure, the 
hydride is decomposed again. In this manner, ura 
nium powder was produced in place and ready to 
react with the bismuth which was solid throughout 
the operation. The temperature was then raised 
and the alloys prepared 

The intermetallic compound UBi, was prepared 
below 1010 C, above which it decompose Higher 
uranium alloys were heated to higher temperature 

The ingot, 1 in. in diam and 1% tin. high, wa 


broken out of the crucible and loaded into a thin 
walled (1/16 in.) aluminum container under a pro 
tective atmosphere in a dry box. A lid was sealed 
to the container by a rubber gasket and the en 


closure evacuated through a valve attached to the 
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Fig. 4—Micrograph of 25 pct U as prepared by complete 
solution. Air etched, dark phase UBi. in light phase of essen 
tially pure bismuth X150 Reduced approximately 20 pct tor 
reproduction 


Fig 6 


Micrograph of 47 pct U prepared by reaction of 


uranium powder with bismuth. Air etched, UBi (gray phase 
with U.Bi, (light phase) X150 Reduced approximately 20 


pet for 


Fig 7 
solution 
phase) 


reproduction 


Micrograph of 75 pet U as prepared by complete 
Air etched, uranium ‘light phase) with UBi ‘dark 
X150 Reduced approximately 20 pct for reproduction 
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wa. 


ealed off, the alloy 


preserved indefinitely. The container also 


Onee under vacuum and 


do as a calibration material for the neutron 
rometet! 
tudy Wiad 


plac ed in 


pectrometer used in thi 
eribed by et al.” The 
he center of the spectrometer and a collimated 


Corl pecimen wa 
monochromatic neutron beam 2 by 2 in. was di 
rected at it. The detected 

counter and the information recorded fron 
Rotation of the 


iuch effect on the 


diffraction radiation wa 


pecimen did not seem to 
relative intensities of the 
line 
The phases present in various alloys as dete: 
mined by neutron diffraction are listed in Table | 
The data collected on three alloy 
Pable having 
below 36 pet 
of the inte 


bismuth 


(column 3 
Various concentrations of uranium 
were used to locate the compositior 
rmetalhe compound in equilibrium with 
procedure Wii to plot the ratio of 


the intepvrated intensity of the strongest line in the 
by ith structure to that of intermetallic compound 
iWainst composition. A line passing through these 
intercepted the base of the plot in a composi 
from 35.5 to 37 pet U. This established 
boundary of the first 


tion range 
that the bismuth-rich phase 
compound was at a concentration of Ul 

Tables Hl, Il, and IV 
terns of the intermetallhe compounds UBi., UBi, and 
These 
metallie compounds UBi,, and a U,Bi, were in 
dexed b charts. The 
number of atoms in the umit cell was estimated by 


ummarize diffraction pat 


i l si, re pectively pattern of the inter 


comparing them to Hull-Davy 


i calculation assuming that the atom volumes were 


not affected by 
vas udjusted to the neare 


number 
takin 


compound formation. Thi 
molecule 


Table HI Crystal Structure of UBi* 


a 


tatemsity? Calculated 


the cell 
wil then caleulated 
eell and the number of 

Phe structure of UBL, Table was found to be 
cubs Its unit cell as &89A on the edve and con 
tuined 24 atoms. The calculated density was 12.4 
pet cu cm 

Phe intermetallic compound UBi, Table IIL, had a 
complicated body-centered-tetragonal cell. Its di- 
were a LLI2ZA and « LO.5S5A, and it 
contained 48 aton The density of the 
vi timated to be 13.6 

The microstructure of an alloy 
U clearly 
were 


yinmetry into account The actual den 


‘ 


from the dimensions of 


atom 


compound 
\A i ‘ cu cin 

containing 47 pet 


When the line 


diffraction pattern of 


indicated two phiuse 
deleted from the 
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this alloy, the remaining lines, Table IV, 
to that of UB... These belonged t 


intermetallic compound, U,Bi 


contforn 

Thermal Analysis—Thermal! analyses were made 
by method Teitel ising 
crucibles and Chromel-Alumel thermocouple for 
A metal 
rmocouple to protect it from bismuth vapor 


described by graphite 


temperature measurement hield covered 
ne tne 
und to leak off stray currents at high temperature 
In spite of the shield, there were frequent thermo 
failure Table V_ lists the 
Reaction found at about 1150 
and 270 C. The first one was believed to be 
reaction, L UBi = U,B the 
and the third, the eutec 
reported for 


couple thermal point 


observed were 
1010 
peritects 
reaction, L + U,Bi, = UBiL; 
tic L = UBL, + Bi. Several points are 
the same alloy in the table using different thermo 


econd 


couple 

Solubility of Uranium in Liquid Bismuth — Alloy 
were filtered through graphite frits press-fitted into 
rucibles by a method used for 


impervious graphite ¢ 


Table IV Diffraction Pattern for U Bi 


Intensity* 


the U-Il’b system.” The data are plotted in Fig. 2 a 
un extension of the Extrapolatior 
of this data to the loOlO C 


determined the composition of the liquid involved 


work by 


peritectic temperature 
in that reaction 
Syntectic Reaction 
were heated to high temperatures to determine the 
extent of the reported by Ah 
mann and Baldwin. In all except one of the ex 


Several high uranium alloy 


liquid immuseibility 


periment the results were similar to those of 
jaldwin. One high 
heated to 1350 C An optical pyt 


in error by at least 100 C because 


Ahmann and uranium alloy 
(262-26) wa 
which wa 
of bismuth vapor wa 
perature. Subsequent 
the alloy had been heated into the 
analyzed and the re 


mete! 
used to measure the ten 
examination revealed that 
immiscibilits 
region joth sections were 
ilts were that the bismuth-rich liquid contained 
ol pet U 
96 pet U. The composition of the bismuth-rich 


while the uranium-rich section contained 


liquid can only be explained by a syntectic reaction 
The thermal location of the 


between 14000 and 1450 C 


reaction 1 not cel! 


tain, but it probably he 


Discussion 


The compound UBL wa 


located by a di appeal 


ing phase extrapolation using the neutron diff 


high bismuth 


tion patterns of variou alloy 


Ahmann and Baldwin located the same 


compound 


by centrifugal filtration technique The tie-line 
determinations in the U-Pb-Bi system convergin 
on a composition of U.Bi il xplained b 
ome solubility of either uranium r both 
UB... Thi to be 


X ray 


point remain 
diffraction pattern of the 
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lid not 
ould 
‘ ve 
20% 
251 
Ww 210 
vw 199 
18 
159 
1.52 
“ 
! 
ad, Ob i 
2 7% 278 
204 264 
VVW 402 2 47 
VW 14 214 
2 \ 182 202 
W 1 244 1 
‘ 2 174 
1 aa 1575 
“ ‘ 157 157 
2 151 O07, 712 151 
42 A “4 1415 
wa “52 1475 
* entered tetragona 10.55 4 0.95 _ 
f 4H at per 
epresent trons \I ediu and V ‘ 
Vabiou corm 


detected by Brewer and Ferro were com- 
ith the neutron diffraction results for the 
investigation. The diffraction patterns of 
loys close to the composition of UBi, from all 
three sources are in agreement. The present invest- 
gation only identified the cell 
Ferro went on to analyze the relative intensities ol 
the line The unit cell that Ferro determined 
one fourth of that determined by the pre 
tigation) has been accepted a the best 


tructure, while 


(exactly 


ation of the diffraction pattern 
The liffraction pattern of U,Bi 
posed by ubstantiated by the present In- 


a compound pro- 
l 
vestigation. The pattern wa 
by Ferro 

Ferro agreed with 
UBi. but did not attempt to determine the density 


analyzed complete ly 


Jrewer on the structure of 
of the compound experimentally as he did with the 
other compound This | 
he had. he might have helped clarify the confusion 


unfortunate because, 


concernin the density ol reported by 


Table V. Thermal Analysis Results 


Wibett Transformation Temperature, 


The density of the compounds UBi, and 

as determined experimentally by Ferro, fol 
neral rule that the 

uranium and bismuth are practically 


volume ot 
unaffected by 


Brewet! 


atomic 


the formation of intermetallic compound 
density of UBi deviate 
The estimated density 1 


cu em. while Brewer calculated 11.5 g per cu cm 


from this principle greatly 


approximately 13.6 2 pel 


In addition to the discrepancy on compound 
density, neutron diffraction data concerning an al 
lov containing 52 pet U did not agree with the pat 

aim Wi u » UBL The 
which “appeal 
al allo se to the composition agree 


tud) Th A pattern 


n the 


ilvzed and the ructure be ver 
Teitel 


reported here do not 


tructure of UPb reported 
analysis result 
those of Ahmann and Baldwin quantita 
the location of the two peritectic re 
reaction exist 

muth ha 

GOO C 


Wa po 
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there is not much data concerning the high tem 
perature reaction Thermal measurements were 
accurate in all experiments performed by either 
author or Ahmann. Separation of the hquid phi 
has been well established, but the composition 
the liquids at the reaction temperature have 
been definitely located. All of the experiment 
ported by Ahmann, and all except one in the pre 
investigation, can be explained by either a mono 
tectic Ol yntectic reaction The composition of 
bismuth-rich liquid in the one exception can onl) 
yntectic reaction occurred, Con 


be explained if a 


equently the monotectic wa ruled out and the 


phase diagram Fig. 3. was drawn with a syntects 
reaction at 1400) to 1450 

There wa no evidence tor any appreciable olid 
olubility of either uranium or bismuth in each other 
ince eutectic Compositions were found close to the 
pure component Further evidence for the lack of 
olubility of bismuth in solid uranium wa 
the thermal analyses of high uranium % ‘ rm 
ported by Ahmann. Little o1 no change in old 


in uranium were found 


found in 


transformation 


Conclusions 
The present status of the phase diagram appeal 
in Fig. 2. This diagram incorporate the findin ol 
Ahmann and Baldwin 


Reference to the individual 


Ferro wer et al 
and Teitel 
tudies are indicated on the phase diagram 

Three intermetallic compounds have been found 
UB... U.Bi.. and UBi. The unit cell of UBi, ts tetra 
1L445A and 


a density 


vonal and has the dimensions a 
908A. There are six 
of 12.38 g per cucm. U,Bi, has a « ubic crystal struc 
ture cell with a 9 350A containing 26 atom This 
density of the compound is 12.59 per cucem. ‘The 
unit cell of UBi is body-centered-tetra ronal in type 
and has the dimensions a@ 11L.12A and 
The cell contains 48 atoms, thus giving the densit 
ofl 
known about the 


atoms per cell, giving 


per cuem for the compound. Not much | 
extent of solid 


intermetallic compounds. No olid solubility of a 


olution the 


nium in bismuth or bismuth in uranium wa indy 
cated 

The reactions can best be urmrmarized by the fol 
lowing formulas where the subseripts indicate com 
positions of liquid pha wt pet uranium “a 
eutectic at 270 C 
C1 J 
mately 1150 C, L + U U,Bi,; a 


tween 1400° and 1450°C ‘ UBi: and a 
eutectic at 1130°C UJ 


peritects it 
a peritects al approxi 


yvntectic be 


The solubility of uranium liquid bismuth ha 
been determined up to 900°C. Some detail 

a diagam are not fully confirmed 
olubility of the compounds and the ¢ 
of the peritectic L UB: 
require further stud Also, more ud 


on the high temperatur 


point tha 
needed 


reaction 
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Peritect C1148 

Peritect C1041, C1000, C997, C1010 

Futect C275 
tect 

tect H1018, 

Eutect C270 
Peritect 

te Hie, Hite 

Futect 
‘A t { t ‘ t dete ed the iple 
H i ¢ te uf heat espective 
with those 
Therma 
with 
tivel a 1 
action bu 
The solu 
been extend 
By extrapolating this curve to 1010°C, it mame a 
ble to estimate the composition ol the liquid pha ‘ 
nvolved in that peritectic reaction 
There is insufficient data to ascertain whether the appreciation of 
reaction at approxit 270 to 260 ht! t! of the Brook 
above or below that of the melting point of pure ha W ‘tapf and J 
bismuth, but nee there was no microstructural Halford ; i performing exper! 
evidence for a irrounding structure, it is believed rent tus throughout the stud 
to be a eutectic reaction The metall dure used for th pup 
Due to expe nental difficulties encountered wit! was proposed by J. 5. brynet Karher metallograph 
the vaporization of bismuth at high temperature was done by a group headed by O. Kammere i 


ible for the 


pectromete! 
Dept and 


were ve! 


Discussion 


Effect of Orientation on the Plastic Deformation 
Of Aluminum Single Crystals and Bicrystals 


Tensile stress-strain curves are reported for aluminum single and bicrystal specs 
mens. lsoaxial bicrystal specimens were used with one crystal rotated 45° about the 
stress axis with respect to the other. The axial orientations were chosen so that one, 
two, four, six, or eight slip systems were imitiaily equally favored. The 45° grain 
boundary did not raise the stress-strain curve of the bicrystal above that of the cor 
responding single crystal if two or more slip planes were initially equally favored 


by R.S. Davis, R. L. Fleischer, J. D. Livingston, 
and Bruce Chalmers 


intersecting slip 

heal 

and low 

been observed experi 
le-crystal specimens were 
plane was initially favored 
have been orvented 

lip planes were equally 


harden rate have been 


i lide on five 
eneral nec ivy for a erystal to deform 
rmuty with the change in the shape imposed 
other erystal au small fraction of the 


of a polye tal will be orrented so that two 
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Fig. 2—Tensile stress ()-tensile strain (+ 
entations for specimen axis 2 


curves with ori 


or more slip systems are favored. It 1 
therefore, generally accepted that a large proportion 


of the 


equally 
difference in flow. stre observed between 
le crystals and polycrystalline 
attributed to the vlide present in the 
that would not be predicted from the individ 

rties of the forme 
The object of the present work was to tudy the 
influence of the 


pecimen may 
multiple 


interaction between the two grain 
f a bicrystal on the work hardening of crystal 


mented so that one, two, four, six, or eight shp 
tems were initially 


equally favored 


Procedure 

The single and bicrystal prepared 
rowth from the melt in milled graph boat 
which ha been deseribed else 

The growth rate used wa 


pecimen 


a tech nique 


approximately 


Fig. 3—Tensile stress tensile strain (+ 


entations for specimen axis 3 


curves with on 
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Fig. 4—Tensile stress 
entations for specimen axis 4 


tensile stram (+) curves with on 


15 em per hr. The onrentation 


were determined to 
back-reflection photograph The 
aluminum used was supplied by 
ed it to be 99.996 pet Al. The 
with olution. The pecimens were an 
nealed at 640 © 2 C for 40 hr and then furnace 
cooled over a 7-hti 


from Laue 
Alcoa, who report 
pecimens were etehed 


Tucker 


period. The possible neces ity 
of avoiding high coolin pute Wa demonstrated 
Maddin and Cottrell The 
ubsequently clectropolished ina 
methanol to 


rent density 


recently by pecimen 


were olution of 
» part part perchloric acid; the cut 


used was 16 amp per sq dm for 30 min 
with solution temperature maintained below loc 

The specimens were deformed with a soft-type 
tensile-testing machine The 


continuously 


increased 
at approximately 12 ¢ per sq mm per 
min. Strain was measured over a 5-cm pape length 


with a mechanical extensometer employing an op 


Fig 5—Tensile stress (7) tensile strain (+ 


entations for specimen axis 5 


curves with on 
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jor interest is the deviation of the bicrystal curve C 
from the single-crystal curve For orientations 1, 
2. and 3, where easy glide is observed for the single 
crystals, the bicrystal curve is appreciably higher 
than those of the single crystal For orientation 4 
the catter in single-crystal curves leaves some 
question, but the bicrystal curve does fall within the 
range of scatter. For orientations 5 and 7 the bicrys- 
tal curve is in close agreement with the single- 
crystal curves, while for orientation 6 the bicrystal 
eurve omewhat lower than those of the ingle 
crystal It is clear that the influence of the 45 
boundary was considerably different for the differ- 
ent orientation 
Tensile stre train curves for the seven A crys- 
are shown in Fig. 8 The shear stre total shear 
rain curves for these crystals are plotted in Fig. 9 
Finally in Fig. 10 these curves are plotted with the 
hear strain per active slip system as the abscissa 
All of the slip lines observed on these specimen 
ould be identified as traces of octahedral plane 
rystals 1A, 1B, 2A, 2B, 3A, and 3B a single set 
Lina which corresponded to the most highly 
ed '111} plane was observed. Crystals 4A, and 
howed a nearly even mixture of slip lines of 
two predicted {111} planes, whereas the mark 
ings on erystals 4A. and 4B, are predominantly of one 
plane although both predicted plane appeared 
Two planes were again equally stressed in crystal 
»A and 5B, and trace of both plane appeared al- 
most equally. Slip lines were far less dense on cry 
tals 6A, 68, 7A and 7B, but all of the expected slip 
planes contributed some marking Specimens 7A 
and 7B showed some extreme cast of intimate 
cro lip and specimens 6A and 6B showed the ex 
treme clustering of slip lines previously reported 
rystals oriented near the [111] direction 


Fig 6 Tensile stress tensile strain (*) curves with or 


entations for specimen axis 6 


The sitivity of the strain measure 
2-10) and that of the stre meusure 
; per sq mm. The urfaces of the 
oxamined after deformation for slip 
X90 mavnifieation 
mere ingle-crystal specimen and 
(one whose crystals have 
) were prepared for the 
entation hown in Fig 
ivered slip planes and ship 
iontations are listed in Table 
cimens were rectangular in cro ection 
itely 6 mm by 12 mm, and about 15 em 
nvle erystal B was rotated 45 
with respect to the onenta 
1 The two erystals of bierystal 
the orrentations of A and B. In order that 
plane be uniquely determined by observing 
on the surface, orrentations were chosen 
0 11} planes would have parallel 
face of the specimen The complete 
tals are shown in Figs. 1 to 7 
n axis S and the normal to the 


15 em) surface are plotted 


Observations and Results 
train curve obtained are 
The ingle-crystal curves, A 
reement with each other ex Fig. 7—Tensile stress (o)-tensile strain (+) curves with or 
ach case the matter of ma entations for specimen axis 7 
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Fig. 8—Tensile stress tensile strain (+) curves and axial 


orrentations of the seven A crystals 
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Fig. 9--Shear stress (mo)-shear strain (¢/m) curves and axial 


orentations of the seven A crystals m cos cos 


lip evenly distributed 


curve were due to 
concluded that 


Thus it) 
t flow stre curve 
‘ x plana 


flow stre 
between octahedral plane 
the crystals with the lowe 
uted most from the ideal onentation 

tion is consistent with the results of Au 
who observed an appreciable grain boundat 
bicrystals with @ specimen ax! 


devi 


tand Chen 
eflect 
only a 


for tsoaxial 


Table | Favored Slip Planes and Systems 


Paqually 
bavered 
Slip Systeme 


Paqually 
bavored 


specimen 
slip Planes 


Specimen 


No 


The 
hardes 


110] bee 
than the 
reported b 


few grees from [110] 


reported here 


tal : lip marking 


not component 
ingle cry them 
for thei tals were of predominantly one 
octahedral plane A the prai boundary angle 
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The results reported in Figs. 1 to 7 indicate addi- 
tional hardening for the bicrystal over the single 
crystals for orientations 1, 2 (one slip system ini- 
tially favored), and 3 (two slip directions in one 
plane initially favored) and no appreciable harden- 
ing of the bicrystal over that of the single crystals 
for orientations 4 (one direction in each of two 
planes initially equally favored), 5 (two directions 
in each of two planes initially equally favored), 6 
(two directions in each of three planes initially 
equally favored), and 7 (two directions in each of 
four planes initially equally favored). Further in- 

tigation of the apparent softening associated with 

grain boundary in specimen 6C is planned. It 

lay be concluded that a 45° grain boundary in a 
bicrystal of the ize and shape used in this inves- 
tigation does not raise the stress-strain curve for the 
bicrystal over that of its component single crystals 
if two or more planes are initially equally favored 
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Fig. 1—Criterion for saturation of nucleation sites. Steels A 
and B are eutectoid steels; F and H, hypereutectoid Steels; 
1, a hypoeutectoid steel; and J, a high-purity slightly hyper 
eutectoid steel 


Fig. 2—Isothermal 
transformation 
curves for high 
purity slightly hyper 
eutectoid steel J” 


$09 


t 


radial growth velocity of each colony remains con 
stant at 680°C, the isothermal nucleation rate of 
new colonies increases rapidly with time The 
kinetic laws of such reactions have recently been 
derived’ for any nucleation rate. The equation: 
derived can be simplified for very large ot very 
small nucleation rates (relative to the growth rate 
and grain size and time). At the extreme of high 
nucleation rates the sites, where nucleation occurs 
transform sufficiently early in the reaction for the 
rate of the reaction to be entirely controlled by 
growth, and the nucleation rate actually di appeal 
from the kinetic law. This kinetic behavior is called 
site saturation.” For this case three kinetic laws are 
obtained, depending on whether the active growth 
ites are 1) the grain boundary surfaces, 2) the 
edges where three grains meet. or 3) the corner 


where four grains meet. They are 


[1] 


X 


xX ] ‘ | 5 | 


respectively, where X is the fraction transformed 
S, the grain boundary surface per unit volume: L 
the grain edge length per unit volume; C, the num- 
ber of grain corners per unit volume; G, the radial 
growth velocity; and t, the time 

It was shown in an earlier paper’ that for site 
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saturation the time for half reaction t,, is the same 
within a factor of four regardless of which type of 
Git 
site Is active, 14 ‘ 
D 
D is the grain diameter. This follows because it 
makes little difference in the half time whether 
there is one or an infinite number of nuclei per grain 
at a time which ts short compared to D/G. When 
there is only one nucleus per grain the reaction is 
approximately half completed when Gt D/2 
When there are many nuclei per grain it is approx! 
mately half completed when Gt D/10. This can 
considerations of the 


is between 0.1 and 0.4, where 


imple 
geometry. For a reaction where nucleation is con 
fined to grain boundaries, the rate of the reaction 
becomes insensitive to the nucleation rate when 


be ascertained from 


[4] 


4a criterion of site 
D can never be 


Thus, Eq. 4 will be employed a 
aturation. It also follows that Gt 
less than 0.1 unless there j 
grains 
Metallographically, site 
ferent for different nucleation site For saturation 
of the surface sites there will be an ever thickening 
lab of transformed material, more uniform in thick 
ness at higher nucleation rates and longer time: 
For saturation of edge sites, there will be nodules at 


nucleation inside the 


aturation looks quite dif 


every junction of three grains, while for corner-site 
aturation there will be only an occasional nodule, 
not necessarily on a grain boundary. Corner-site 
aturation can only be determined by quantitative 
metallographic determination of the nucleation rate, 
or by use of kinetic 
Gt,./D and the rate law, Eq. 3 

When the nucleation rate is so low that site sat 
not occur, an entirely different kinetic 


obtained” Then the rate law become: 


reasoning from the value of 


uration doe 
ituation 1 


exp G | Nir) (t r) dy 


3 
[5] 


and also, incidentally, for 
the number of nucle) 


for all three types of site 
homogeneous nucleation. N, i 
the total nucleation rate per unit 
volume regardless of which types of sites are active 
and + is the integration variable with dimension of 
time and can be interpreted as the time at which 
nucleation of particular nodules took place, thei 
number per unit time being given by the value of 


at time zero, N j 


N at a time 
If the nucleation rate can be expressed a 


N(t) ket 


Eq. 5 becomes 


where 


and the half time 


secause the nucleation rate per unit volume can be 


expected to be proportional to the quantity of site 
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urating. Fig. 2 bears this out for Hull, Colton, and 
Mehl’s high-purity slightly hypereutectoid steel J 
The lope of 3 would indicate that pe arlite nucleate 

The 
not appear to be effective for nucleation 
lope 1. This fact as with the 
rvation that the austenite 
boundaries become outlined by pearlite only 
600 C. There 1 rable scatter in the 

obtained from other data on pearlite tran 
have 


on corners (or impurity particles) boundary 
irface doe 
intil below 600 C 
metallographic obse prain 
below 
conside lope 
kinetie 
formations, but other investigator reported 
this shift in 

For non-eutectoid obtained 
the kinetic data high 
tures, which is probably due to a diffusion-controlled 


pro-cutes toid reaction 


lope 
tee! the from 


decrease 


lope 
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On the Origin of the Time Dependence 
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There have 
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act that nucleation of pearlite tep proce 


time 
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nucleating on 


quatre 
nucleate 
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teudy state 
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question is to examine what hap 
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ent. This ha Roberts and Mehl. Most 
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these factor 
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reaction rate 
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its nucleation rate, a nucle: are con 
fined to boundaries. If so, t 
to D, Eq. 4. This 1 
whole effect can be ascribed entirely to 
We also conclude that carbide particles in the in 
not effective in pearlite nuclea 

The theoretical curve of 
3 and Fig. 41 


aturation 
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Roberts and Mehl in Fig 
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nucleation rate (n 0) 
the active site 
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of Robert 
D1 not 


from 


and grain boundary 
and 
that 
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uturation at 
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lope ol } Fis 4 A 
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a slope of —7/3 (n 3 Kpected 
instead of Roberts and Mehl 
the sy aturation the 
approach 1. It is therefore apparent that much of 
the effect which Roberts and Meh! attributed to cat 


carbon heterogeneitie 
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75° C1 
to carbon heterogeneiti 

At lower austenitizing tempe 
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rapidly than expected from pure grain size conside! 
ations. We shall consider this effect, which may be 
due to carbides 

Figs. 5 and 6 are replots of the data for steels C 
and D of Roberts and Mehl. The 
plots of log log (1/1—x) vs log t for 
have been austenitized for varying length 
800 C. Lines of slope 4 have been drawn through the 
data of steel C for 1, 6, and 16 min, and of steel D 
for 1 and 6 min. Lines of slope 7 have been drawn 
threuch all the other data. Lines of slope 3 have been 
drawn at the top of both 1l-min curves. (Since 
Gt, ./D 0.4 for both reactions where the steel was 
austenitized for 1 min, it is expected that saturation 


various points are 
steels which 
of time at 


would occur.) 

The point to note is that the slope in the presence 
of carbides is one that is consistent with a constant 
(slope 4) and not that expected for 
Carbides are 


nucleation rate 
a constant number of nuclei (slope 3) 
not yet nuclei of pearlite, but pearlite nucle: come 
from carbides at a constant rate. This result is con 

tent with a two-stage nucleation model 

Fisher’s prediction that the nucleation rate would 
vary as the square of the time was due to four a 
umption 1) carbides 
2) the radial carbide growth rate varies a 
diffusion control 


which is the 


nucleate at a constant rate 
the reci- 
procal 
$) the nucleation of ferrite on carbide 
occurs on the carbide-au 


quare root of time, 1. 


pearlhite 
at a rate proportional to the carbide 


nucleation of 
tenite intertace 
and 4) only a few of the carbides be- 
Fach of these assumptions affect the 
power of time in the nucleation rate (nm in Eqs. 6 to 
alternate assumption 
What follows is a more 
these 
should be checked in- 


irface area 


come pearlite 


By considering 
made to vary considerably 
alternate a 


general model which considet 


umptions, These assumption 
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tead of the carbide surface areca. Hence the depend 
ence of nucleation rate on carbide size will be dit 
ferent for each of these assumption 


The econd assumption, that of diffusion con 
trolled growth, | 
which have been growing for a long time, At 
ently short times some other process may be control 
ling the growth, and this may well be the case here 
In that case the growth rate will be constant 
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" " (1 10] 


where nm. is the exponent of time in the expression 


for the number of carbide particle In existence 
all particle tart att 0, 1 where 


and possibly greates 
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they nucleate at a constant rate 
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ponent of the linear growth rate of the carbides, be 
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foregoing we have assumed that carbide 
not depend ex 
plicitly on which phase nucleates first. Nicholson” ha 
uggested that ferrite nucleates first in plain 
However, hi 
isothermal transformation data at temperatures at 


which 
data 1s insensitive to change 


recently 


carbon steel reasoning i based on 


aturation occurred, and hence his kineti 
in nucleation rate 

Eq. 10 can, for constant nucleation rates of cut 
dependent pearlite nucleation 
three. This re 


bides, predict a time 
rate in which the exponent of time i 


JANUARY 1957, JOURNAL OF METALS 143 


THEORETICAL 
6 | T 
4 
| 
3| 
| 
10 
20 
| | 
100 


Fig 5—Isothermal 
transformation 
curves for various 
austenitizing times 


at 800°C 


that ferrite nucleates on the carbide- 
and that the growth of the 
tot these a 
tated 
not nu 


“a 


uustenite interface surface 
arbide oecurs ata constant rate. The fii 
imiptlions is unlike lv for energetic reusons a 
ubove. Itis also unlikely because pearlite doe 


Cleute ily on carbide in the interior of a grain, 


vhere icha irnface also ex t Conceivably pearlite 


might nucleate, but not grow, on interior carbide 
pearlite might be oriented 
which it form 
Smith 


orented boundary ts nece 


purty le becuse thie 
with respect to the austenite rain in 
in ich a way that the 
hia that a mi 
ary for the dith 


til celhulat 


prowtl very slow 


ional proce ‘ in discontinuou 
reaction Presumably, though 
ufficiently high at the pearlite 


carbon 
diffusion reaction 
oriented boundary is not 


However, it would 


emperature so that a mi 
needed for the diffusion proce 
needed for the segregation of alloying 
evidence that this 1 


wtually the case for molybdenum-containing steel 


certainly be 
element and there | trons 
where sevrevation of molybdenum during tempering 
of martensite ha 
than in a pearhte formed at the same temperature 
his is true despite the fact that molybdenum dif 


been found many time lowe! 


es faster in ferrite than in austenite 
But that alloy segrepi mecessary 
rowth ha hould be investi 
ated. It therefore appea that an exponent of 3 in 


for pearlite 


boon que tioned and 


the nucleation rate can be ¢ plained on a two-stage 


leation rate 


nucleation model assuming constant nue 
only vith questionable i 
mentall the 


Cutline rritust be ought uch as a tran 


imption since experi 
othe 


ieont effect in 


exponent appeal to be 3 or 4, 


the carbide nucleation 


Summary and Conclusions 


1) lransformations in which the grains nucleate 


boundarv row with constant velocity 


into two classe cinetic behavior, depending 
nucleation rate. kinetw 
termed m results from high nucle 

and drastically contrasts with the kinets 
A crite 


aturation 


the magnitude 
behavior 
ation rate 
behavior expected at low leation rate 
ion for experimentally det when 
occurring us discussed 


2) kinetu 


nucleation rate i 


behavior for time-dependent 


developed, and a particular form 
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Fig. 6—Isothermal 
transformation 
curves for various 
austenitizing times 


at 800°C 


dependence of the nucleation rate 
developed further. The relation- 
ize and the time for half reaction 


of the time 
(power of time) Is 
hip between grain 
are discussed for this case 

3) It is found that saturation of nucleation sites 
in eutectoid steels below about 600°C and in 
teel below about 720 C 

4) It appears that the corner of grains are the 
only effective nucleation sites at higher 
tures. The boundary surface is effective below 600 _& 

5) The form of the 
nucleation rate agrees with that determined metallo- 


occul 


i hypereute ctoid 
tempera- 


time dependence of the 


vraphically 

6) The rate laws 
ticles indicate that pearlite nucleation occurs 
When carbides are already present, pearlite 
nucleates at a constant rate 

7) The origin of the time-dependent nucleation 
nuclea- 


in the presence of carbide par- 
in two 


tuge 


rate must lie in a transient in the carbide 
tion. A model which depends on a constant nuclea- 
tion rate of carbides is insufficient to explain the 


trong time dependence of pearlite nucleation 
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